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THE EFFECTS ON PROPULSION-INDUCED AERODYNAMIC FORCES OF
VECTORING A PARTIAL-SPAN RECTANGULAR JET AT
MACH NUMBERS FROM 0.40 TO 1.20

Francis J. Capone
Langley Research Center

SUMMARY

An investigation has been conducted in the Langley 16-foot transonic tunnel to
determine the induced lift characteristics of a vectored-thrust concept in which a rectan-
gular jet-exhaust nozzle was located in the fuselage at the wing trailing edge. The effects
of nozzle deflection angles of 0° to 45° were studied at Mach numbers from 0.4 to 1.2, at
angles of attack up to 140, and with thrust coefficients up to 0.35. Separate force balances
were used to determine total aerodynamic and thrust forces as well as thrust forces
which allowed a direct measurement of jet turning angle at forward speeds. Wing pres-
sure loading and flow characteristics using oil-flow techniques were also studied. The
Reynolds number per meter varied from 8.20 X 108 to 13.12 x 108.

The results indicate that significant increases in thrust-induced lift up to Mach
number 0.95 and substantial decreases in drag up to Mach number 1.20 were achieved
during the vectoring operation. A lift-augmentation factor of 4.15 was reached with
45° nozzle deflection at a Mach number of 0.90 with an angle of attack of 0°. The over-
all ability of this vectored-thrust model to increase lift and to reduce drag for all the
deflected nozzles was generally maintained up to a Mach number of 0.9 and to angles of
attack where flow-separation effects dominate. Deflection of the jet was instrumental in
reducing afterbody flow separation at Mach numbers of 0.9 and 0.95.

INTRODUCTION

Supercirculation effects induced from thrust vectoring have indicated a potential
both for improving cruise performance and for increasing maneuverability of fighter air-
craft (refs. 1to 4). The experimental studies of references 1 to 3 used a vectorable
rectangular exhaust nozzle located in the fuselage of the aircraft at the wing trailing edge.
The effect of the exhaust is similar to that of a jet flap and induces lift caused by super-
circulation. In contrast to the jet flap, this concept permits the use of all the engine
exhaust to simulate the jet flap, avoids ducting through the wing, and limits mechanical



articulation of the exhaust nozzles. Two-dimensional jet-flap results (refs. 5 to 7) have
been applied to an advanced fighter configuration (ref. 8); large lift gains were obtained.
However, any fighter configuration would require that the engine supply an adequate mass
flow for the operation of jet flaps in the wings. Given in reference 9 is an indication of
the potential problems associated with bleeding fan-jet engines to provide the exhaust
gases for jet flaps.

The vectored-thrust concept originally proposed in references 1 and 2 utilized a
highly swept wing (66.8°). Two advantages were cited: (1) the aerodynamic center could
be placed at the nozzle exit and (2) improved lift augmentation was anticipated with the
outboard panels of the highly swept wing placed in a stronger induced upwash field created
by the deflected jet. However, the results of reference 1 indicated that most of the
induced lift was developed on the inboard portion of the wing panels forward of the nozzle
exit.

Consequently, the design philosophy for the model of the present investigation was
to choose a configuration with a wing planform and airfoil thickness ratio typical of cur-
rent high-performance twin-engine fighter airplanes. A canard could be used to trim the
jet-induced pitching moments.

Reference 3 summarizes a parametric investigation that included a study of the
effects of the nozzle deflection angle, nozzle exit location, nozzle shape, and wing camber
on the aerodynamic characteristics of a wing-afterbody configuration. This report pre-
sents detailed information from that investigation on the effects of varying the nozzle
deflection angle from 0° to 450. The investigation was conducted in the Langley 16-foot
transonic tunnel at Mach numbers from 0.4 to 1.2, at angles of attack up to 14°, and at
thrust coefficients up to 0.35. The average Reynolds number per meter varied from
8.20 x 108 to 13.12 x 108,

SYMBOLS

Model forces and moments are referred to the axis system shown in figure 1 with
the model moment-reference center located at 0.25c, the point which corresponds to
fuselage station 117.64 cm. A discussion of the data-reduction procedure and definitions
of the aerodynamic force and moment terms and propulsion relationships used herein are
given in appendixes A and B. All aerodynamic coefficients are nondimensionalized with
respect to q. S or q,Sc except at static conditions where p, is substituted for q.



Abase

Amax

CL,j

CL, o

total cross-sectional area at nozzle exit including vane and nozzle base area,
78.513 cm?

LS

exhaust nozzle exit area, 51.322 cm?

maximum cross-sectional area of afterbody, 284.784 cm?
total exit area for eight sonic air-supply nozzles, 3.433 cm2
wing aspect ratio, 3.0

cross-sectional area enclosed by seal strip, 266.000 cm?
span, 88.32 cm

axial-force coefficient (fig. 1 and appendix A)

drag coefficient (fig. 1 and appendix A)

induced drag coefficient (eq. (A14), appendix A)

average jet-off minimum drag coefficient determined from several data runs
for all nozzles tested

thrust-minus-axial-force coefficient (fig. 1)
thrust-minus-drag coefficient (fig. 1)

nozzle thrust coefficient along tailpipe center line (fig. 1)
total lift coefficient (fig. 1)

jet lift coefficient (fig. 1)

jet-off lift coefficient

(CL, ot CL, I‘)M lift corresponding to CD, min



lift-curve slope per degree

jet~induced supercirculation lift coefficient

incremental lift, CL, r+ CL, i

total pitching-moment coefficient (fig. 1)

jet pitching-moment coefficient (fig. 1)

normal-force coefficient (fig. 1)

jet normal -force coefficient

jet-off normal-force coefficient

jet-induced supercirculation normal-force coefficient

wing pressure coefficient, —pr—‘f
0

afterbody pressure coefficient

critical pressure coefficient adjusted for wing sweep

gross thrust coefficient along jet axis (fig. 1)

ideal isentropic gross thrust coefficient

local chord, cm

mean geometric chord, 32.28 cm

average wing chord, 29.44 cm

effective discharge coefficient

wing section normal-force coefficient

wing efficiency factor at jet-off conditions



FA, mom
FA,Mbal
FA, Tbal
i,c

Fi, con

axial force, N

momentum tare force due to bellows, N

axial force measured by main balance along main balance axis, N
axial force measured by thrust balance along thrust-balance axis, N
ideal isentropic gross thrust, N

total ideal isentropic gross thrust determined using chamber mass-flow
rate, N

ideal convergent nozzle thrust, N

total ideal isentropic gross thrust determined using measured mass-flow
rate, N

thrust component along tailpipe or body axis, N
fuselage station, cm

gain factor (eq. (A12), appendix A)

length of model, 138.68 cm

Mach number

chamber mass-flow rate, kg/sec

ideal mass-flow rate, kg/sec

measured mass-flow rate, kg/sec

Reynolds number per meter

ambient pressure, N/m?2

chamber pressure measured in supply pipe, N/m?2



X’Y?Z

average static pressure at external seal, N/m?2
average internal static pressure, N/m?2

local static pressure, N/m?

average jet total pressure, N/m2

free-stream static pressure, N/m2

free-stream dynamic pressure, N/m?2

gas constant (for y = 1.4), 287,383 N-m /kg-K
wing reference area including projection to model center line, 2599.89 cm?2
chamber temperature, K

thrust recovery (eq. (A13), appendix A)
free-stream stagnation temperature, K

jet total temperature, K

half-width of body, 11.43 cm

afterbody length (fig. 8), 24.82 ¢cm

body or wing ordinate, cm

angle of attack (fig. 1), deg

jet-off angle of attack, deg

angle of attack of tailpipe center line (fig. 1), deg

ratio of specific heats, 1.40 for air
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o effective jet turning angle, deg
84 design or nominal nozzle deflection angle, deg
APPARATUS AND PROCEDURE

Model

A sketch showing the external geometry of the model is presented in figure 2(a);
photographs are shown in figure 2(b). The wing had a leading-edge sweep of 50°, stream-
wise NACA 64A406 airfoil sections, an aspect ratio of 3.0, taper ratio of 0.3, and a refer-
ence area of 2599.89 cm2. The wing had no twist or dihedral.

The fuselage had rectangular cross sections with rounded corners and had an effec-
tive fineness ratio of 7.28. As shown in figure 3, the body lines were chosen in order to
enclose the internal propulsion system and to fair into the afterbody enclosing the nozzles.
The afterbody boattail angle was 12.5°. The maximum width and height of the body were
22.86 cm and 12.7 cm, respectively, and the maximum body cross-sectional area was
284.78 cm2. Table I presents ordinates for both the fixed nonmetric forebody and the
metric afterbody. A 0.16-cm annular gap between the forebody and afterbody was
required to prevent fouling between the nonmetric and metric portions of the model. A
flexible Teflon strip inserted into slots was used as a seal to prevent internal flow in
the model. (See fig. 3.) The low coefficient of friction of Teflon minimized restraint
between the metric and nonmetric portions of the model. Only that portion of the con-
figuration aft of the metric break at fuselage station 99.06 cm was supported by the
main-force balance and hereafter is referred to as the wind-tunnel model.

Twin-Jet Propulsion Simulation System and Exhaust Nozzles

A sketch of the twin-jet propulsion simulation system is presented in figures 3
and 4; photographs without the force balances are shown in figure 5. Appendix B presents
the method for analysis and results of static tests to determine the propulsion system
internal -performance characteristics.

An external high-pressure air system provides a continuous flow of clean, dry air
at a controlled temperature of about 306 K. This high-pressure air is brought through
the support strut by six tubes into a high-pressure chamber. (See fig. 3.) Here the air
is divided into two separate flows and is passed through flow-control valves. These
manually operated valves are used to balance the exhaust nozzle total pressure in each
duct. As shown in figure 4, the air in each supply pipe is then discharged perpendicu-
larly to the model axis through eight sonic nozzles equally spaced around the supply pipe.



This method is designed to eliminate any transfer of axial momentum as the air is
passed from the nonmetric to metric portion of the model. Two flexible metal bellows
are used as seals and serve to compensate for the axial forces caused by pressurization_.‘
The cavity between the supply pipe and bellows is vented to the model internal pressure.
The tailpipes are connected to the thrust balance, whose loads are then transmitted to the
main balance through the wing and thrust-balance support block. (See fig. 3.)

The air is then passed through the tailpipes to the exhaust nozzles as shown in fig-
ure 6. A transition section, located between fuselage stations 122.44 cm and 124.97 cm,
was used to transform the exhaust flow from axisymmetric to two dimensional. The
nozzle internal cross-sectional area was held constant from fuselage stations 126.75 cm
to 134.62 cm. Four sets of nozzles, each with a total exit area of 50.322 em? at fuselage
station 138.62 cm, were investigated with design turning angles of OO, 150, 300, and 45°
as defined by 64 in figure 6. The aspect ratio of the twin nozzles was 5.999; the nozzle
aspect ratio is defined as the maximum nozzle width divided by the maximum depth
including vanes. Nozzle mass-flow and static force and moment characteristics are
shown in figures 7 and 8, respectively. The variation of measured thrust coefficient with
nozzle pressure ratio is given in figure 9.

Thrust vectoring was obtained by using circular-arc turning vanes located in the
nozzle exhaust flow. These turning vanes were arranged so that they would be completely
washed by the jet flow in order to minimize the influence of the external flow on vectored
nozzle performance. Initially, these turning vanes were constructed with the vanes faired
smooth to a point as shown in the following sketch:

Fuselage station 138.26 cm

04

However, static tests with the 30° nozzle indicated an effective turning angle that varied
from 22° at low nozzle pressure ratio to about 56° at maximum pressure ratio. This
turning was largely influenced by Coanda turning of the jet flow over the sharp curvature
at the end of the vanes. (The angle of vane tip on top was approximately 60°.) One design



objective was to use nozzles which had a constant static turning angle over the pressure
ratio range. It was found that blunting the vanes (see fig. 6) nearly accomplished this
design objective by eliminating the Coanda turning at the vane trailing edge. Figure 8
indicates that static turning was approximately 65 to 80 percent of the design turning
angle for 64 > 0°.

Wind Tunnel and Support System

" This investigation was conducted in the Langley 16-foot transonic tunnel, which is
a single-return atmospheric wind tunnel with a slotted octagonal test section and contin-
uous air exchange. The wind tunnel has continuously variable airspeed up to a Mach
number of 1.30. Test-section plenum suction is used for speeds above a Mach number
of 1.10. From the calibration of the wind tunnel, the test-section wall divergence is
adjusted as a function of the airstream dewpoint. The adjustment eliminates any longi-
tudinal static-pressure gradients in the test section; such gradients might occur because
of condensation of atmospheric moisture. A complete description of the wind tunnel and
operating characteristics can be found in reference 10.

The model was supported by a sting strut with the model center of rotation indi-
cated in figure 2. The strut had a 45° leading-edge sweep, a 50.8-cm chord, and a
5-percent-thick hexagonal airfoil in the streamwise direction. The model blockage ratio
was 0.0015 (ratio of model cross-sectional area to test-section area), and the maximum
blockage ratio including the support system was 0.0020. Strut interference effects were
considered to be small on this model afterbody because the boattail angle was 12. 5°,
Reference 11 indicates that strut interference may be large for models with boattail
angles in excess of 15°, depending on the proximity to the strut trailing edge.

Instrumentation

External aerodynamic and internal nozzle forces and moments were each measured
by internal, six-component strain-gage balances (fig. 3). Eight external static pressures
were measured at the sealed gap at approximately fuselage station 100.00 cm as shown in
figure 10. Four of these pressure orifices were located on the nonmetric forebody and
four were located on the metric afterbody at meridian angles of every 90°. These pres-
sure measurements were used to correct the measured axial forces for pressure-area
force tares as described in appendix A. (See refs. 12 and 13.) Four internal pressures
were measured in the vicinity of the sealed gap, and four internal pressures were located
on the top and bottom of the nozzles approximately at fuselage station 125.00 cm. The
internal pressures are also used for determining pressure area force tares. One internal
pi'éssure measurement was made near the nose of the model. Additional tests were con-
‘ducted with 24 pressure orifices, each located on the top and bottom of the nozzles from



fuselage stations 125.00 cm to 138.62 cm. These tests indicated uniform internal pres-
sure inside the model at any given Mach number, angle of attack, and pressure ratio
tested. Similar results were found in references 12 and 13.

A turbine flowmeter (external to the wind tunnel) was used to measure the total
mass-flow rate to the nozzles. In addition, the pressure and temperature in each supply
pipe were measured prior to the discharge of the flow through the eight sonic nozzles;
the measurements determined the mass-flow rate to each nozzle. These flow measure-
ments were used independently to check the measurement determined by the flowmeter.
Two total pressures and one total temperature were measured at one axial location in
each nozzle. These measurements were made at fuselage station 133.50 cm or 5.38 cm

forward of the nozzle exit.

Afterbody pressure distributions were measured on the top and bottom of the after-
body along axial rows located at the model center-line plane and at 8.89 cm from the
center line during all force tests as indicated in figure 10. Wing pressures were mea-
sured at four span stations (fig. 10) on an additional set of wings separate from the force
tests. On the right wing, pressures were measured along two streamwise chords located

at B/Lz =0.325 and ﬁi = 0.60. On the left wing, pressure orifices were located at
Y_-0.45 and -5}/7—5 = 0.80. (Note that fig. 10 shows the span locations on only one wing

panel.) All pressures were measured with individual pressure transducers except those
on the wings; these pressures were measured with pressure scanning devices. Temper-
atures were measured with iron-constantan thermocouples.

At each test condition, approximately 10 samples of data were recorded on magnetic
tape over a period of about 10 seconds. The average of the 10 samples is used for com-
putational purposes. In those tests during which wing-loading characteristics were
determined, 48 samples of data were recorded over a period of 45 seconds with only a
single sample of each wing pressure being made because of the pressure scanning devices

used.

Tests

Four nozzles with geometric turning angles 643 of 00, 150, 300, and 45° were
tested at Mach numbers from 0 to 1.2 and at angles of attack from -2° to 14°, Some tests
were conducted with the wings off. Wing loadings were determined with nozzle deflection
angles of 0° and 30° only; flow characteristics for 6g = 30° were determined using the
fluorescent oil technique. The average Reynolds number per meter, the free-stream
dynamic pressure, and the stagnation temperature are summarized in the following table:

10



M NRe per meter (s kN/m? T, K
0.40 8.20 x 106 10.14 302.6
.70 11.68 24.96 316.5
.80 12.30 29.78 323.1
.90 12.63 33.92 328.7
.95 12.80 35.71 331.5
1.20 13.12 41.92 344.3

Balance load limits on the pitching moment restricted the maximum angle of attack at
high Mach numbers; the maximum obtainable jet pressure ratio for the nozzles with the
larger deflection angles was also restricted.

All tests were conducted with 0.25-cm-wide boundary-layer transition strips con-
sisting of No. 100 silicon carbide grit sparsely distributed in a thin film of lacquer. In
accordance with the recommendations of references 14 and 15, these strips were located
2.54 c¢m from the tip of the forebody nose and on both the upper and lower surfaces of the
wings at 5 percent of the wing chord at the wing-fuselage juncture to 10 percent of the
local streamwise chord at the wing tip.

PRESENTATION OF RESULTS

The results of this investigation are presented in plotted coefficient form in the
following figures:

Figure

Basic aerodynamic characteristics:

Ba =00 e e e 11

A = 150 . . i s e e e e e e e e e e e e e e e e e e e e e e e e e e e e 12

B =300 . . L e e e e e e e e e 13

BA =450 o i i i e e e e e e e e e e e e e e e e e e 14
Basic nozzle thrust characteristics

BAd =00 e e e e e e e e e e e e e e e e e 15

8a =150 ¢ i o i e e e e e e e e 16

Bd =300 L . e e e e e e e e 17

0q = A80 L e e e e e e e e e e e e e e e e e e e e e e e e e e 18
Wing pressure distributions:

Bd =00 o e e e e e e e e 19

Bd =300 . i e e e e 20
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Span load characteristics: .
8g=02and 30° . .. ... e

Photographs of oil-flow characteristics . ... .. ... ... e e e e e e e e e
Comparison of measured and integrated induced lift . .. ... ... ... ...

Afterbody pressure distributions:

Summary of lift-curve slope characteristics . . . . . . . . . ¢ . v ¢ ¢ v v v v o

Jet lift and induced lift:
0q = 00 e e e e e e e e e e e e e e e
I - e e e e e

83 =300 L e e
5g=45° . ... ... e e e e e e e e

Summary of incremental 1ift . . . . . . . . . . 0 . 0 i e e e e el e e e e e e e

Lift-augmentation factors:
Wingsoff . ... ... ¢ e e e e e e e e e e e e e
64 = 150, WINZS O & v v v v v e e o o o o o o s o o s s o o o o v s s s o o o o
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Comparison of adjusted gain factors withotherdata . . . . . .. ... .. .. ..
Thrust-minus-drag characteristics . . . . . . . . v v vt v v v v v v v o v v o

Drag and aerodynamic lift characteristics:
0q = 1
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Bg =300 L e
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DISCUSSION

Basic Force Characteristics

External aerodynamic characteristics.- The basic longitudinal aerodynamic charac-
teristics including thrust forces for the model with nozzle deflection angles of 0° to 45°
are presented in figures 11 to 14. Shown in variation with thrust coefficient Cp are
the total lift coefficient Cj, thrust-minus-drag coefficient C(F-D)’ pitching-moment
coefficient C,,, and angle of attack «. Each curve on these figures, as well as on
subsequent data figures, has been identified by the initial jet-off angle of attack « jo*
Ideally, the angle of attack would be fixed as the pressure ratio or thrust coefficient is
varied, but this condition was not possible because of the method of model support.

In general, figures 11 to 14 show an increase in lift coefficient with increasing
thrust coefficient at approximately the same angle of attack. This increase, especially
for the model with 54 > 00, is the result of the contribution of both the jet lift and jet-
induced supercirculation lift.

Thrust-minus-drag coefficient varies almost linearly with thrust coefficient at
approximately the same angle of attack. At a constant thrust coefficient, the decrease
in C(F-D) with increasing o« is caused by the increase in drag at lifting conditions,

Reference 3 showed that the model is statically stable at jet-off conditions and that
there is no change in stability caused by jet operation (de /dCL at constant Cp is
equal to dC,, /dCL at Cp= 0). When cross plots of C,, versus Cj, are made at
constant Cr, the effect of the nozzle deflection angle is to add to the jet-off pitch curves
a constant increment in C,, over the entire lift range. This increment, which is a

13



function of the nozzle deflection angle, is similar in magnitude to the nose-down pitching
moments caused by a 10° to 15° deflection of a full-span trailing-edge flap found on typi-
cal fighter aircraft. A canard would be an ideal surface to trim a configuration employ-
ing this vectored-thrust system. Trimming would require an upload on the canard; such
an upload would increase the overall lift of the configuration.

Nozzle thrust characteristics. - Basic nozzle thrust characteristics for the model
with nozzle deflection angles of 0° to 45° are shown in figures 15 to 18. Shown are the
variation with thrust coefficient of the measured jet normal force CN, i jet thrust com-
ponent along the tailpipe center line CF,j’ and the pitching moment caused by the jet
Cm,j- The variation with Cp of the angle of attack «, of the tailpipe center line is
also shown. At jet-off conditions a, = a; however, at power-on conditions, the internal
propulsion system deflects with respect to the main force balance and to the external aero-
dynamic surfaces. (See fig. 1 and appendix A.) In the upper left corner of each figure
is shown the effective turning angle which is determined from CF,j and CN, i (See

appendix A.)

Figures 15 and 16 indicate that the effective turning angles & for the 0° and 15°
nozzles are about the same as the static values given in figure 9. The effect of the angle
of attack on the effective turning angle is generally small except at M = 0.9 and
M = 0.95. There is a significant increase in § over the static turning angle (fig. 9) for
both the 30° and 45° nozzles at low Cr (figs. 17 and 18). For example, this increase is
about 7° to 10° for the 30° nozzle at low thrust coefficients. One explanation is that this
difference between the static and wind-on turning angles may be associated with the jet
flow over the top turning vane. In this particular nozzle design, it is implicit that full
Coanda turning of the jet flow over the turning vanes is achieved. Apparently this turning
may not happen at static conditions for the two nozzles with the longer top turning vanes,
that is, the 30° and 45° nozzles. However, at wind-on conditions the external flow along
the afterbody may help to keep the jet flow attached to the turning vane at low thrust coef-
ficients. As the thrust coefficient is increased, the increase in jet velocity probably
causes the flow to separate again over the top of the turning vane. The separation then
results in a decrease in the wind-on effective turning angle that approaches the static

values.

Wing-Loading Characteristics

In order to gain some insight into the basic flow phenomena occurring from the
interaction of the deflected jet and wing flow fields, pressure distributions were measured
on the wing for the model with the 0° and 300 nozzles. These pressure distributions are
presented in figures 19 and 20 and the resulting span-load characteristics are shown in

14



figure 21. The critical pressure coefficient was adjusted for wing sweep (ref. 16) and is
indicated in figures 19 and 20.

Jet-off characteristics. - Jet-off pressure distributions are typical for a wing of
this type. The data indicate that an increasing angle of attack increases the planform
induced loading at the wing tip. This increased loading is a result of swept wings having
no twist. (See, for example, fig. 19(c), M =0.70 and o =5.4°.) By a =9.1° at
M = 0.7 (fig. 19(d)), the flow over the outboard portion of the wing is separated; further
increases in the angle of attack move this flow-separation area progressively inboard.
This separated area can be seen by examining the oil-flow patterns shown in the photo-
graphs of figure 22(a). At M= 0.90 and M = 0.95, the pressure distributions indicate
the presence of a strong shock at x/c > 0.7. Behind the shock the flow is separated,
especially at 5% > 0.45. (See photographs of figs. 22(b) and 22(c).)

Power effects, 64 = 0°.- In general, the power effects of the model with 64 = 0°
are small. This fact is best illustrated by examining the span-load characteristics of

figure 21; these characteristics show little or no effect of power at M = 0.7 and
M=0.8. However, at M=0.9 and M = 0.95, jet operation does improve the inboard
wing loading at the higher angles of attack. The improvement may be caused by entrain-
ment effects of the jet.

Power effects, 64 = 30°.- Jet operation for the model with the 300 deflected jet
affects wing-loading characteristics out to the tip except where flow separation occurs.
At M=0.7 and M = 0.8, the jet exerts a greater influence over the airfoil lower sur-
face than over the upper surface in that the lower surface is pressurized almost to the
airfoil leading edge. At those angles of attack where flow separations occur, the jet has
no effect and therefore no induced lift is generated. This effect can best be seen, for
example, from pressure distributions of figure 20 and the span-loading characteristics
of figure 21 for M =0.7 and « =9.1°,

At M=0.90 and M = 0.95, where supersonic flow exists over a large portion of
the airfoil, a smaller region of the airfoil is affected by the jet. On the top there is gen-
erally a small forward shift of the wing shock wave with jet operating at the initial jet-on
condition. Further increases in thrust coefficient generally move the shock back to a
position downstream from the initial jet-off location. On the inboard lower surface of
the wing the rapid expansion of the flow is reduced by jet operation.

Comparison of integrated and measured induced lift.- A comparison of integrated

and measured induced lift coefficients is shown in figure 23. The variation of CL,l"
(appendix A) with the angle of attack is shown at two Mach numbers for two thrust coeffi-
cients. The integrated values of Cy including allowance for body carryover and the
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measured body-alone data, show good agreement with the measured induced lift except at
M=0.9 and Cg = 0.06.

Afterbody Pressure Distributions

Afterbody pressure distributions for the model with nozzle deflection angles of 0°
to 45° are presented for selected Mach numbers and angles of attack in figures 24 to 27.
These pressure distributions show typical results of a large expansion at the start of the
afterbody boattail and a recompression along the afterbody. Nearly free-stream condi-
tions exist at the end of the afterbody for jet-off conditions. At M =0.70 and M = 0.80,
the results generally show that, for &4 > 00, some lift is being generated on the after-
body because the effect of the jet is to pressurize the lower surface of the afterbody and
to reduce the recompression on the upper surface.

At M=0.90 and M = 0.95, the operation of the jet generally causes the shock on
the upper surface of the afterbody to move downstream and the shock on the lower surface
to move upstream. The flow on the top of the afterbody can be seen more clearly by once
again examining the oil-flow photographs of figure 22. At M =0.9 and Cp = 0, there
isa cléarly defined bell-shaped shock where the axial location of the shock on the outer
edge of the afterbody is being influenced by the shock on the wing. There also appears to
be an area of separated flow behind this shock. As Cg is increased, the shock moves
downstream and the separation area is reduced (@ ~ 3° in fig. 22(b)). Similar effects
are seen at M = 0.95, where operation of the jet at o = 3% appears to eliminate com-
pletely the separation on the afterbody upper surface.

Lift Characteristics

Total lift. - Figure 28 presents the variation of total lift coefficient with angle of
attack at constant values of thrust coefficient for the model with nozzle deflection angles
of 00 to 45°. These data are obtained from cross plots of the basic data of figures 11
to 14. The average jet-off variation of the lift coefficient with the angle of attack is also
shown by the dashed line. These jet-off curves were determined from averaging the mea-
sured jet-off lift data for the model with the four nozzles.

As can be seen in figure 28, increasing the thrust coefficient for a particular nozzle
or increasing the nozzle deflection angle at a constant thrust coefficient results in an
increase in the lift coefficient caused by effects of both jet lift and jet-induced super-
circulation lift.

Lift-curve slope.- The variation of the ratio of jet-on to jet-off lift-curve slope is

presented in figure 29 for the model with nozzle deflection angles of 0° to 45° at selected
thrust coefficients. Lift-curve slopes were determined over the most linear portion of
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the lift curves from o = 0° (range from 0° to about 40) because of the nonlinearity of
the lift curves that exists from -2° to 0° at the higher Mach numbers. The jet-off lift-
curve slope is also shown at the top of figure 29.

In general, there is a 4- to 6-percent increase in lift-curve slope as thrust coeffi-

.cient is increased from 0.05 to 0.2; the increase is caused mainly by the increase in jet

lift, The sharp decrease in the power-on lift-curve slope at M =0.9 and CT =0.1
may be attributed to the flow-separation characteristics shown in figure 22. At
M = 0.95, the reduced flow separation at jet-on conditions results in an increase in Cy, o

Induced and incremental lift. - The total lift of a propulsive lift system can be
broken down into three parts which include basic jet-off CL o» Jet lift Cy 7 and jet-
induced supercirculation lift CL I The variation CL i and CL T w1th thrust coeffi-
cient for the model with nozzle deflectmn angles of 0° and 450 is presented in figures 30
to 33. The variation of ACy, (sumof Cp,r and Cp,j) is also shown.

For the model with the 0° nozzle, there is an increase in CL, r Wwith both increas-
ing angle of attack and Mach number except at M = 1.2, It was shown in figure 21 that
at M=0.7 and M = 0.8, the induced lift is being generated on the wing at y/ b/2 from
about 0.4 to 0.6; whereas, at M= 0.9 and M = 0.95, the induced lift is a result of a
filling in of the defect in the span loading caused by the body.

For the vectoring case of this wing-body model, induced lift is most affected by
deflection angle and thrust coefficient, whereas the effects of either Mach number or
angle of attack are small. However, at « < 0° for the nozzle with 64 = 15° and
M = 0.95 (fig. 31(b)), no lift is induced up to Cp = 0.1 after which there is a sharp
increase in CL, r- Similar results are reported in reference 3 for the same model with
an NACA 64A006 airfoil over a wider range of all test variables. Reference 3 inferred
that at M = 0.9 there was a sudden rearward shift of the shock on the afterbody. This
shift occurred at those thrust coefficients at which the measured force data indicated an
increase in Cp, p. Since there is no lift induced at M= 1.2 for the 30° nozzle
(fig. 32(c)), subsequent discussions are confined to Mach numbers up to 0.95.

A summary of the variation of incremental lift with the angle of attack at selected
Mach numbers and thrust coefficients is presented in figure 34. For the 0° and 15° noz-
zles, the increase in incremental lift with the increasing angle of attack is caused by
increases in both Cy, i and CL r- For example, about one-third of the incremental
lift for the 0° nozzle at M = 0.7 and a = 13.5° is induced lift (fig. 30(2)). For the 30°
and 45° nozzles, increases in incremental lift are primarily caused by increasing jet lift
with increasing angle of attack.

Lift-augmentation factor.- For the present investigation, a lift-augmentation factor
ACy, /CL j is used rather than the lift gain factor as used in references 1 and 17. This
b
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augmentation factor depends upon the measured wind-on jet lift and not on the jet lift that
is predetermined from the static turning angle as is usually done for gain factor. Note
that these two terms differ only in the CL, i used and that both are based on a mea-
sured ACp,. The variation of the lift-augmentation factor with the thrust coefficient is
presented in figure 35 for wings off and in figures 36 to 38 for the model, wings on, with
nozzle deflection angles of 15° to 45°.

The results with the wings off indicate that a small part of the total induced lift is
developed on the body with the exception of M =0.7 and 54 = 15°, where almost 50 to
60 percent of the total induced lift is generated on the body at low values of the thrust
coefficient. This single result is similar to that of reference 1.

Lift-augmentation factors generally decrease with either increasing the thrust
coefficient or the angle of attack (figs. 36 to 38). This decrease is because jet lift
increases more rapidly than CL, r With increases in both of these variables. A 1lift-
augmentation factor of 4.15 was achieved at a ~ 0% for the model with 5q = 45° at
M=0.90 at Cp =0.056 (fig. 38).

Lift-augmentation factors are summarized in figure 39, which shows that these
factors increase up to M =0.9. The sharp drop in lift augmentation for &g = 15° at
M =0.95 and Cp=0.1 is caused by the nature of the induced lift variation with Cp
for this particular condition (fig. 31(b)). It is evident that the nozzle with &4 = 30° has
the lowest performance; the exact reasons for this fact are unknown at this time. Ref-
erence 3 showed that ACjp, varied linearly with effective turning angle & up to 28°
(corresponds to 6g = 300) ; after that point there is a sharp increase and again a linear
variation up to 42°. Incremental lift variations obtained in this investigation with 6 up
to about 30° are similar to those of reference 1. Jet lift Cy, j is linear with & wp
to 42°. The increase in ACy, between 28° and 42° indicates’ a sharp improvement in
induced lift CL, r as the nozzle design angle is increased from 30° to 45° and might
indicate that the vectored thrust at these higher deflection angles acts more like a classic
jet flap.

It is significant that the results show no degradation in lift-augmentation perfor-
mance for any of the deflection angles tested upto M = 0.9. This lack of degradation is
probably because of the wing thickness ratio and airfoil shape. A thicker airfoil or one
designed for low speeds would probably reach maximum lift-augmentation ratios at lower
Mach numbers.

Comparisons with other data.- In order to compare the lift-augmentation perfor-
mance of the current system with the performance of other types of jet flaps, the custom-
ary gain factor, based on static turning and adjusted for partial-span effects (ref. 18), is
used. The static turning angle is used because jet turning is only measured at static
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conditions for the investigations in this comparison. The variation of adjusted gain factor
with ideal thrust coefficient is shown in figure 40 for the present investigation and for
several previous investigations. The two areas used for the partial-span adjustment are
also defined in the upper left corner of figure 40. Note that for the present investigation,
the total area is somewhat larger than the reference area used; however, since gain fac-
tor is a ratio, it is a function of lift only. The 30° nozzle was chosen because this nozzle
deflection angle was similar to that of other investigations.

The empirical two-dimensional results of reference 19 are used as a basis for
comparison where ACj, was found to be proportional to the product of \/—éT—,l and
sin 84 (up to 650). In reference 19 the constant of proportionality was given for two
cases: (1) the pure jet flap, shown by solid line and (2) blown flap shown by dashed line
(blowing over the upper surface of a flap). The empirical result of reference 19 was
used because of the agreement with the theory of reference 20 for a pure jet flap.

When adjustments for partial-span effects are made, both the results of the present
investigation and that of reference 1 compare favorably with other data. (See fig. 40.)
When compared to the theoretical two-dimensional jet flap, the results of the present
investigation indicate a reduction in performance at M = 0.4 of about 40 percent at
CT,i = 0.1 to about 25 percent at CT,i = 0.3. This reduction in performance is probably
a jet thickness effect.

It is interesting to note that the different wing airfoil shapes of references 5 and 6
had little effect on the gain factor using two-dimensional wings. Reference 5 used an
NACA 64A406 airfoil, whereas a 10-percent-thick supercritical airfoil was employed in
the investigation of reference 6. The resulting small effect is similar to that reported in
reference 3 where airfoil shape had little effect on lift augmentation for the configuration
tested.

Thrust Minus Drag

One measure of airplane maneuvering performance is the specific excess power of
the airplane (ref. 4). Since this parameter is a function of thrust minus drag, the poten-
tial of improving maneuvering capability caused by thrust vectoring can be assessed by
examining the relationship between thrust minus drag and total lift. This relationship
can be seen in figure 41 for the model with nozzle deflection angles of 0° to 45° at
M=0.7 and M=0.9 andat Cp =0.05 and Cgp = 0.2. These results are typical and
show that at maneuvering lift coefficients a crossover in C(F—D) occurs so that an
increase in deflection angle increases maximum usable lift coefficient, that is, a larger
lift coefficient at which C(F-D) =0,
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Drag Characteristics

Drag coefficient.- The variation of drag coefficient Cp and the aerodynamic lift
CL,o + CL,I‘ with thrust coefficient are presented in figures 42 to 45 for the model with
deflection angles of 0° to 45°. (See appendix A for details concerning determination of
aerodynamic lift and drag.) By cross-plotting these data, power-on drag polars at con-
stant values of Cp are obtained and are shown in figure 46. Typical power drag incre-
ments, defined simply as the difference between jet-on and jet-off Cp at constant
CL,o + CL, 1 are given in figure 47. As indicated in figures 46 and 47, increasing noz-
zle deflection angles from 0° to 45° result in significant reductions in drag coefficient
over the entire lift range up to M = 1.2, This reduction is primarily the result of
increased supercirculation which is caused by the induced upwash field created by the
deflected jet in front of the wing. The cause of the rather substantial decrease in drag
at M= 1.2 because of jet is not known at this time.

Another source of drag reduction could be an improvement in the afterbody drag.
The oil-flow photographs of figure 22 indicate that there is a reduction in afterbody flow
separation with jet operation at M =0.9 and M = 0.95,

Drag due to lift. - Drag reduction at some combinations of nozzle deflection angle
and thrust coefficient is accomplished through improvements in the drag-to-lift
characteristics dCD/d(CL, ot CL, r)z as shown in figure 48. For this study,

2 . spps .
dCp /d(CL,o + CL, I‘) hgs been determined by fitting the equation

dCp 2
Cp = Cp,min * _2[(CL,0 +Cp, I‘) - (CL,o +Cp, I")M]
" d(CLo +CLr)

to the drag polars of figure 46 up to about (CL,o + CL, F) = 0.4. (See ref. 21.) The
value (CL,o + CL, T)M corresponds to the lift coefficient at CD, min- The conditions
for theoretical zero suction 1 /CLa and for theoretical 100-percent suction 1/7R
computed only at jet-off conditions are also presented. The values of 1 /CLa and
1/7MR may not represent true upper and lower bounds with the jet operating. As can
be seen, improvements in drag due to lift occur for all the nozzles at Cp = 0.2, with
dCD/ d(CL,o + CL,I")Z approaching theoretical jet-off 100-percent suction for the

45° nozzle at M = 0.70. The improvements in drag due to lift are probably because of
improvements in span-loading characteristics.

The reader is cautioned that this analysis assumes classical theory; it is only valid
for wings not operating in an induced upwash field. For example, reference 22 showed
that for the case of a jet located forward and above a wing, a decrease in induced drag
was achieved, even though power effects distorted the span loading.
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‘ Drag-rise characteristics.- The variation of drag coefficient with Mach number at
both minimum conditions and at Cy, o + Cr,, T = 0.4 is presented in figure 49 for two
thrust coefficients. Again, these results show the reduction in drag caused by increasing
deflection angle. The results also show that drag-rise characteristics are not affected
by nozzle deflection angle or jet operation.

Thrust Recovery

The two-dimensional jet flap has been shown to be an effective means for signifi-
cantly inducing lift while at the same time recovering a part of the thrust lost because of
deflection of the jet. Thrust recovery is defined as that portion' of the thrust recovered
in the streamwise direction or as the amount of directed propulsive thrust converted to
aerodynamic thrust. Thrust recovery for a three-dimensional configuration has already
been demonstrated (ref. 1).

While the concept of recovery is the same, there are various methods used to deter-
mine it. (See appendix A.) For the present investigation, the method of reference 18
that determines a thrust ratio is chosen as the prime method because, for models
employing force balances, this method requires the measurement of thrust minus drag
only. This requirement is typical of most investigations. For comparative purposes,
the method of reference 23, which requires additional measurements to determine drag
or thrust, and the method of reference 1, developed for data taken at «o = 00, are used.

The variation of thrust recovery with thrust coefficient for the model with deflec-
tion angles of 0° to 45° is presented in figures 50 to 53. From these data and the effec-
tive turning angles obtained from figures 15 to 18, thrust recovery is plotted as a function
of the thrust vector angle o +6 for two Mach numbers and thrust coefficients in fig-
ure 54. The line of no thrust recovery cos (o + 6) is also shown. (See appendix A.)
Each nozzle recovers thrust until viscous effects, such as flow separations, develop on the
wing. The point at which a nozzle does not have any recovery represents the lift coeffi-
cient at which the power-on polar departs from being parabolic and at which the definition
of the induced drag (appendix A, eq. (A14)) is no longer valid.

As deflection angle is increased, the amount of thrust recovered in the streamwise
direction increases. This recovered thrust is actually the drag reduction previously
noted. An envelope curve could be drawn through the points of maximum thrust recovery
and can serve as a guide to the operational potential of the current system. For example,
these data indicate that the 15° nozzle would provide attractive improvements in cruise
performance since nearly all of the directed thrust is recovered, that is, the aerodynamic
thrust term is approximately 1 - cos (@ + 0).
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A comparison of thrust recovery defined by references 18 and 23 is made in fig-
ure 55 where the variation of thrust recovery in percent thrust coefficient (see appen-
dix A) with the aerodynamic lift coefficient CL,o + CL, r is given. As shown, the
maximum usable lift coefficient has been increased from 0.46 to 0.59, a 28-percent
impro{rement. Good agreement with the two methods is also shown.

Figure 56 presents the variation of thrust recovery in percent thrust coefficient
with Mach number for the 30° nozzle at Cr=0.1 and a = 0°. Thrust recovery for
this configuration is relatively insensitive to Mach number up to M = 0.95. This
insensitivity indicates that the ability of this vectored-thrust system to reduce drag is
maintained through transonic speeds.

CONCLUDING REMARKS

An investigation was conducted in the Langley 16 -foot transonic tunnel to determine
the induced lift characteristics of a vectored-thrust concept in which a rectangular jet-
exhaust nozzle was located in the fuselage at the wing trailing edge. The effects of
nozzle deflection angles of 0° to 45° were studied at Mach numbers from 0.4 to 1.2, at
angles of attack up to 140, and with thrust coefficients up to 0.35. The Reynolds number
per meter varied from 8.20 X 108 to 13.12 x 108.

The results indicated that significant increases in thrust-induced lift up to Mach
number 0.95 and substantial decreases in drag up to Mach number 1,20 were achieved
during the vectoring operation. A lift-augmentation factor of 4.15 was reached with
45° nozzle deflection at a Mach number of 0.90 with an angle of attack of 0°. The over-
all ability of this vectored-thrust model to increase lift and to reduce drag for all the
deflected nozzles was generally maintained up to a Mach number of 0.9 and to angles of
attack where flow-separation effects dominate. Deflection of the jet was instrumental in
reducing afterbody flow separation at Mach numbers of 0.9 and 0.95. Some reductions in
drag due to lift were also found.

Langley Research Center

National Aeronautics and Space Administration
Hampton, Va. 23665

August 13, 1975
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APPENDIX A
DATA REDUCTION PROCEDURE

Data Adjustments

External aerodynamic and internal nozzle forces and moments were each measured
by separate internal six-component force balances as shown in figure 3. The main bal-
ance measured total lift, thrust-minus-axial force, and total pitching moment; the thrust
balance sensed nozzle normal and axial forces and pitching moment. The center lines of
these two force balances were located above and below the tailpipe center line (fig. 3) and
the bellows flow-transfer system (fig. 4). Because of this offset, an interaction of loading
one balance on the other existed; this interaction is primarily the result of the main bal-
ance acting on the thrust balance.

Consequently, single and combined loadings of the normal force and the pitching
moment were made with and without the jets operating with the 0° nozzle. These calibra-
tions were performed with the jets operating because this condition gave a more realistic
effect of pressurizing the bellows rather than capping off the nozzles and pressurizing
the flow system. Thus, in addition to the usual balance interaction corrections that are
applied for a single force balance under combined loads, another set of interactions was
made to the data from this investigation for the combined loading effects of one balance
on the other. However, loadings were also made in the axial-force direction with the
flow system capped off and pressurized; these loadings indicated no effect on the axial
force measured by each balance.

In order to achieve desired thrust-minus-axial force (from main balance) and thrust
(from thrust balance), the axial forces measured by both force balances must also be
corrected for pressure-area tare forces acting on the model (similar to refs. 12 and 13),
and for momentum tare forces caused by flow in the bellows., The external seal and
internal pressure forces on the model were obtained by multiplying the difference between
the average pressure (external seal or internal pressures shown in fig. 10) and free-
stream static pressure by the affected projected area normal to the model axis. The
momentum tare force was determined from calibrations prior to the wind-iunnel investi-
gation using standard calibration nozzles (appendix B).

Gross thrust-minus-axial force was computed from the main balance axial force
from the following relationship:

Fj -Fp= FA, Mbal * (ﬁes - pco)(Amax - Aseal) + (pi - poo)Aseal - FA,mom (A1)
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where F A, Mbal (positive upstream) includes all pressure and viscous forces, inter-
nal and external on both the afterbody and thrust system. The second and third terms
account for the forward seal rim and interior pressure forces, respectively. In terms of
an axial -force coefficient, the second term ranges from -0.0001 to -0.0007 and the third
term varies +0.0075 depending upon Mach number and pressure ratio. It was previously
stated that internal pressure at any given set of test conditions was uniform throughout
the inside of the model, thus indicating no flow. These results are similar to those of
references 12 and 13. The fourth term is caused by the momentum tare correction and
is a function of the average bellows internal pressure. At an internal pressure of

1380 kN/m2 (corresponding to P j /poo & 4.0), this tare is approximately 5 percent of the
maximum static thrust and its repeatability is 0.25 percent.

Gross thrust from the thrust balance is computed from a similar relationship:

Fj = FA,Tbal - (pi - poo)Abase - FA, mom (A2)
where F A, Thal (positive upstream) includes nozzle thrust and the internal pressure
forces acting on the thrust system.

Since both balances are offset from the model center line, similar adjustments are
made to the pitching moments measured by both balances. These adjustments are nec-
essary because both the pressure area and bellows momentum tare forces are assumed
to act along the model center line. The pitching-moment tare is determined by multi-
plying the tare force by the appropriate moment arm and subtracting the value from the
measured pitching moments.

External Forces Including Thrust

The adjusted forces and moments measured by the main balance are transferred
from the main-balance axis to the body axis of the metric portion of the model where the
body axis lies in the wing chord plane (fig. 1). Angle of attack «, which is the angle
between the wing chord plane and the relative wind, was determined by applying deflection
terms caused by model and balance bending under aerodynamic load to the sting pitch
angle. Calibrations were made with the propulsion simulation system in place in order
to account for any restraints that might occur across the force balances. It should also
be noted that some difference in angle between the nonmetric and metric portions of the
model exists because of balance deflection. No adjustment has been made for wind-tunnel
flow angularity which is approximately 0.1° for most sting -supported models in the

16 -foot transonic tunnel.
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The total force and moment coefficients, including thrust about the body and sta-
bility axis, are shown in figure 1 where the moment reference center is at the quarter
chord of the wing mean geometric chord (fuselage station 117.64 cm).

Nozzle Internal Forces

The adjusted forces and moments measured by the thrust balance are transferred
from the thrust-balance axis to the parallel tailpipe center-line axis (fig. 1). The tailpipe
center line will be at some angle with respect to the body axis because the thrust balance
deflects, under load, relative to the body axis. Accordingly, «, is defined as the angle
between the tailpipe center line and the relative wind. This angle was determined by
adding deflection terms to the previously determined value of angle of attack. Calibra-
tions with the propulsion system in place were made in order to determine these deflec-
tion constants.

From the measured axial and normal components of the jet resultant thrust, the
effective jet turning angle, thrust coefficient, and jet lift coefficient are defined, respec-
tively, as

Cnr -
5 = tan~1 “NaJ (A3)
Cr,j
Cr= \/CN,J‘Z +Cr, i (A4)
Cr,j = Cr sin (6 + an) = Cy,j cos ay, + Cp j sin ay (A5)

Thrust Removal

Nozzle internal forces are transferred from the tailpipe center-line axis to the
body axis and then subtracted from the external forces resulting in the following aerody -
namic loads:

CN,0 +CN,r = CN - [CN,j cos (a - an) - Cp,j sin (a - anﬂ (A6)
Ca=-C(F-a) + [CF,j cos (a - an) +C,j sin (a - an):l (A7)
and transferring to the wind axis

Cro+CL,r= (CN,o +Cn, I‘) cos @ - Cp sin o (A8)
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Cp=Cpcosa+ (CN,o + CN, I‘) sin o (A9)

where the normal force or lift coefficient with the subscript o refers to jet-off values
and the subscript I refers to the jet-on normal or lift force induced as a result of
supercirculation on the wing. The quantity CL,o + CL, r represented the total aerody-
namic lift of the wings.

Lift Augmentation

Generally, the total lift component is broken down into three parts: (1) jet-off 1ift,
(2) jet-reaction lift, and (3) jet-induced supercirculation lift (refs. 1, 17, and 23). A gain
factor is then defined as the ratio of supercirculation lift plus jet lift to the jet lift. Jet
lift (not measured at forward speeds) is then defined as CT,i sin (a + astatic) where
Cr i is anideal thrust coefficient determined by measuring the total flow momentum at
the’ nozzle exit (typical of two-dimensional tests). Other experimental setups usually
have a single force balance and, thus, are only able to measure thrust and turning angle
at static conditions. In this case, values of thrust coefficient at forward speeds can be
determined based on these static thrust measurements. Since one of the purposes of the
present investigation was to determine the components of the total lift, jet lift is mea-
sured directly with the thrust balance. However, first it was necessary to determine the
jet-off or basic wing lift coefficient CL,o' The basic wing lift varies with thrust coeffi-
cient and is different at each jet-on point since the model angle of attack is decreased
with jet operation because of balance deflections. Figures 11 to 14 show the variation
of a with Cr. Therefore, in order to determine CL, o the average jet-off lift varia-
tion with angle of attack at each Mach number was fitted to a third-order polynomial
curve as a function of angle of attack; CL, o Wwas then computed at each power-on point
for the particular model angle of attack measured.

Incremental lift is then defined as

ACL = CL - CL,O = CL,I‘ + CL,j (A].O)
and the lift-augmentation factor based on measured jet lift is simply
AC C +Ct
L_~LT""™L,j (A11)

CL,j CL,j

For those tests (refs. 1 and 17) where jet lift is not directly measured but total lift is,
the gain factor is defined as

ACy,

, o (A12)
Cr i sin (@ + Ogiatic)

G =
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Thrust Recovery

Thrust recovery has been defined as that portion of the total thrust recovered in
the streamwise direction (refs. 17, 18, and 23) or as the amount of propulsive thrust con-
verted to aerodynamic thrust. The prime method of defining thrust recovery for this
investigation is similar to that of reference 18 and is

_°p,min * p,i * ¢(r-D)

Trec Cp

(A13)

where T,.,. is athrust ratio. The average jet-off minimum drag coefficient Cp in
is determined by averaging the data for all the nozzles. The induced drag coefficient
Cp,i isgiven in reference 20 as

¢p ; = (CLuo * CL,1)”

Al4
>1 enR + 2C, (Al4)

where only the wing efficiency factor e determined at jet-off conditions is used to
account for nonelliptic loading effects. Another efficiency factor can be applied to the
entire denominator to account for jet effects; however, its value is not known.

In terms of the propulsive and aerodynamic thrust terms, thrust recovery is

_Crcos(a+0)+Chp

Trec Cr

(A15)

where C AF is the aerodynamic thrust coefficient and represents the change in drag
from the ideal jet-off drag polar. For no or zero thrust recovery, Cup = 0, and then

Trec = cos (o + 8) (A16)
For complete thrust recovery, T.o. =1 and then
Corp = CT[l - cos (o + 6)] (A17)

The aerodynamic thrust term can also be expressed as a ratio to Cp which then
can be easily converted to percent thrust coefficient or, in ratio form,

C
_CATF = Tpec - €08 (@ + d) (Al18)

A second method, used for limited comparison, is that of reference 23 where thrust
recovery is defined as the ratio between the reduction in drag caused by jet-on induced
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effects and the thrust coefficient. This method (defined as Method 2) computes the aero-
dynamic thrust term as the difference between a jet-on drag polar and an ideal jet-off

polar and is

Ca¥ _ Cp,min* p,i - %D (A19)
Cr Cp
A third method (Method 3), also used for comparative purposes, was that of refer-

ence 1. Using equation (14) of reference 1 and replacing ideal thrust with measured
thrust, thrust recovery also is defined as

C ac ac
CAF - é(F:-D)J , ég‘D) +1-cos b (A20)
T T T 520

This method was developed because the investigation of reference 1 could only be con-
ducted at « = 0°. Note that, for purposes of this investigation, the effective turning
angle is used instead of the measured static turning angle that was used in reference 1.
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PROPULSION SIMULATION SYSTEM PERFORMANCE

Prior to the wind-tunnel investigation, the propulsion simulation system was
checked out and the performance was determined on a static test stand. This static test
stand utilizes the same air supply and has similar valving, filters, and heat exchanger
(to operate the jet at a constant stagnation temperature) as the 16-foot transonic tunnel.
Except for the turbine flowmeter, the same instrumentation, such as force balances,
pressure transducers, and data recording system, was used in both facilities. This
checkout was accomplished by attaching standard calibration nozzles as described in
references 24 and 25 to each of the tailpipes at fuselage station 91.96 cm. (See fig. 57.)
This appendix summarizes the results of this static checkout.

The total ideal isentropic gross thrust or exhaust jet momentum for both nozzles
is

y-1

_ . 2-)/ _ pa Y
Fip=mp\ Rl -yt <pt J.) (BY)

where n'xp is the mass-flow rate measured by the turbine flowmeter and Pt is the
average jet stagnation pressure for both nozzles. The stagnation pressure in each nozzle
is determined by a rake of four pressure probes manifolded together to indicate a single
pressure. The turbine flowmeter is also calibrated using standard choked nozzles with
different exit areas with average discharge coefficients of 0.995. Therefore,

thy, = 0.995mh; (B2)

where m; is the total ideal mass-flow rate and for a choked nozzle is

1

y+l

-1
B = Y (—2 7
b4

The variation of measured mass-flow rate rilp with pressure ratio for several runs is
presented in figure 58.

The ideal isentropic gross thrust of each nozzle can also be determined if the
mass-flow rate for each nozzle is known. The eight sonic nozzles forward of each of the
nozzle tailpipes can be used for measuring mass-flow rate if an effective discharge coef-
ficient for each is obtained. Since these nozzles are always choked, their ideal mass-
flow rate is
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APPENDIX B

v+l
. v [ 2 y-1
Mijec= Apbc RT\y +1 (B4)

where p. and T, are the chamber pressure and temperature measured in the supply
pipes just ahead of the eight sonic nozzles. The effective discharge coefficient is
0.99 5n'11 m
Cd,c == =

< (B5)
mu

m; i,c

i,c

The variation of the effective discharge coefficients for both the left- and right-hand sets
of sonic nozzles is shown in figure 59. Figure 60 presents mass-flow ratios determined
by both the turbine flowmeter and from the chamber measurement.

The ideal isentropic gross thrust for the left nozzle is

y-1

. p Y
Fl = cd,c(mi’ C) (RTt,]).}TzT_L]_( - Etij') (B6)

where measurements are made for the corresponding nozzle. The total ideal isentropic
gross thrust is simply the sum of the ideal thrust computed for the left and right nozzle.

The flow control valves (fig. 3) are used to match up the jet stagnation pressure in
each nozzle in order to equalize the thrust of each. Jet total pressure, ideal mass-flow
rate, and ideal isentropic thrust can be matched to within 1 percent of each other as
shown in figure 61.

At static conditions, both force balances measure thrust (drag equals zero) and
these results are presented in figure 62, These results show excellent agreement
between the measured values of thrust. Again, the various symbols represent several
static runs. Static thrust ratios are presented in figure 63 where the values of F]-
(measured thrust) were obtained from the thrust balance; the ratios presented are for the
ideal isentropic thrust determined both by the turbine flowmeter (eq. (B1)) or from the
chamber measurements (eqs. (B6) and (B7)). The ideal convergent nozzle thrust for
choked conditions is computed from the following equation:

X

-1
_ 2 Y Py
b
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TABLE I. - BODY ORDINATES

N

—
Zy
LYr
Y ——— —+
y, cm zZ, cm r, cm +¥p, CM +Zyp, CM
0 0 0 0 0
.914 .812 .812 .102
1.816 1.603 1.603 .213
2.695 2.360 2.360 .335
3.551 3.078 3.078 472
5.192 4,379 4,379 .813
6.711 5.420 5.420 1.290
7.417 5.814 5.814 1.603
8.082 6.109 6.109 1.974
9.268 6.350 6.350 2.918
10.262 4.270
11.338 l 4.988
11.430 5.080 v
4.618 6.812 1.732
2.540 8.890 3.810
2.540 8.890 3.810
2.540 8.890 3.810
v 2.540 8.890 3.810
6.266 2.540 8.867 3.701
5.994 2.403 9.027 3.592
4.877 1.717 9.713 3.160
3.749 1.026 10.404 2.723
v 2.286 .127 11.303 2.159
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Wing chord plane

Relative wind

(a) External forces.

Wing chord plane

Tailpipe center line

«Q

Relative wind

(b) Internal forces.

Figure 1.- Definition of model forces showing positive directions.
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(a) Drawing of model.

Figure 2.- Model details. All dimensions in centimeters unless otherwise noted.

FS denotes fuselage station.
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Three-quarter rear view

End view

(b) Photographs of model.

Figure 2.- Continued.

L-75-1318




Concluded.

)

b
Figure 2

(

.~ Concluded.

317



8¢

;Ye( lon seal strip

ing and thrust balance
Y Main force balance support block
LN/ A

‘ VTallp{pe center line
i |

n

I T U; —

t

|
!
.

]
[lailplpe center {ine

ravey
Flow cantrol valve Supply mpe ‘/

Flow control valve - \ Supply pige —-7

Nonmetrlc

M .
LSeequure 4 tor details Llailplpe |
F5106.55 £$122.4 FS 138.68

Wing and thrust balance

Main balance center line Marn force balance / support block
£5 99.06
| Metric

- ~2 ARNY
r==""7 !
RO i - f

[
[ __J‘__L R i Y H [
P S S saluuLRRu H — Madel and talipipe

= 254 h ) i center line
-7 T o et U7/
Vl oz s BN

6 air supply |D§ ~

1_ \— Thrust balance

Tailpy
e Z Tallpipe support plale

Thrust balance center line

Figure 3.- Sketch of model and twin-jet exhaust nozzle simulation system. All dimensions are in centimeters,




6¢

Clearance holes for sonic nozzles
FS 106.55
8 equally spaced Flexible seal

sonic nozzles (Metal bellows) Cavity vented to model

internal pressure

777777 A7 77 7 7 7 77 777 777 777 7 T T 77 7 77 7 T 7 7 7 77777

A N\~ [ ==/

%
%

Supply pi \/ SISO g
Zannne | Nz
INANNNAN N AN N
_J O
) __ hirflow N _ -

Tailpipe center Iinel U //
ANNNN\\N \\ /
N ‘ 22200 A
onmetric TSN SASCONS SN TSR TS SELSSSNET RIS T UUTRINRCY

Figure 4.- Details of bellows arrangement used to transfer air from nonmetric to metric portions

%

77 NWWWWWWW
W/

[T77 7777777777777 777 777 7 7 777 7 77 7 7 77 7 777 777 7 77 777

Metric Inner sleeve

of model. Dimensions are in centimeters.



— HiT-pressure chamber

Tailpipe ——> e
“

Transition section

Nozzie

L-70-7604.1

Supp! mf}«‘?
(‘ PRy
P S

Sanic nozzies

fetal Bellows

Inner sleme

L-70-7605.1

Figure 5.- Photographs of propulsion simulation system.

40



187

FS 122.44 124.97 126.75 134.62 138.62

< . g =y 3 —
=l ) N NI f WA
3 N N
Ty N 9 \
N EENEEE 1
SEEEN
Ty o
e - st
I N Ll
T j Nozzle center li Py : E : 10.41
5.33 o . e_cen er line i | L N \ -
Tailpipe center line - N N 10.84
- - ‘ N E N
—0.67 SIS
1y N ~N N
Q : N =
1 N N A
7777 7777777 //%' N N NE l

0.64 typ.
—3.30
‘-7 3.62

Section at FS 138.62

Choke plate

_\
I/////I///T/AL///F/J7/A \

5.33

Flow straightener

W

R—Tailpipe center line

.
‘
777777777777 '

/NN

Figure 6.- Nozzle details. All dimensions are in centimeters except as noted.




42

TTTT
I
IS

T
]

174.Y Bmadiil (Y

11T

1711

71T
T

TTTT
1
T
I
T

T
}

.92

]
T
H

.11

L1 T
T

1|
{

t

T
I
H
H
t

TT1T

IR
1

AN

T

11T
PITt
IR

h

I
I

N

7T

1T

T
1

[
T

T
1

TTTT
I
1

(O]

, k
b q/ sec

rh

b

I
Pl

Li=]

T

EEENE

T
I
u

10

ISEERSIENNANGNEEE VRN B

INENENEARENASNERESNEER

IEERNANESEEREY EREREEEN

t

T

T

!

(NEBREEA

1T

I

11

T

111y

BN

DR

I
1T

I §
Pt
I

1

Figure 7.- Typical mass-flow rate and discharge coefficient characteristics.



g5, .-

[

.10

T

[

A

D)
.08

N

p=mare)

i

4

=
el

VAl

D 1

=

PO

Ton!

=

Il

A
LS.
N7
o]

e

A=

=

.02

7

Il

m,j

.10

I

11
.08

TAT
77775
7 7

Y

77

.06

IR

I

Figure 8.- Static thrust and effective turning-angle characteristics.

.04

J|

PSS

Ll

.02

LN

.10
.08
.02

Ce j



44

.10

.08 » : (%i i 1

14 L
A ) " deg L]
[ )% - O 0 - | {1
06 ) oI5
{ O3
A 45
¢ L 8 . i
.04 7
02 Ht
H T g
H
0 L
.35 T M = 0.40 T l ¥
.30 HA - L
il / M=0.701EM =080 F T g
g % - w . =0.90 1M = 0.95
25 LT / e lht
O AT % s H
c sads § M=1.20]
T I I L1
1t 4 ) N | 1
20 nugy ; i | )53{ @/ '/‘§
- T ¥ %,< p 1 /;/,4/ ~}
- A A ' 7 L L1 it
s Y| st |4 Lt ' L]
15 ﬁ? fas I l&/ E’Eg’ r /.<§D’ v
i y b % 1 LA 4 i 11 [ 4]
L g ‘1 3 L L]
/- /// shgiect T
8 L
10 gl Bed
. Fry AL AL LYT 1 ] L
[T 2488V eRgr el d LT
FH AN A L
e Lt i T ] g
gud AL L ]
05 if 5 1 i ]
0 LT t ¥ 1 ) 4 I —J I
1 2 3 4 5 6 7 8 9 10
Pt i/ Peo

Figure 9.- Variation of measured thrust coefficient with nozzle pressure ratio.



FS 97.63 FS 113.8 FS 138.68

F$ 100.32 X~24.2
L . x
Fv_“o\\\
- ‘)‘ 1 -
[+]
M
- o_ - - e o % P o.—*———'
8.89
L . eee o @ *« o es —*— y y/ b/ 2
14,22 0.325
_———— —19.86 .45
26.49 .60
o External pressure orifice
o Internal pressure orifice 35.93 %0
- - R
Afterbody pressure orifices Wing pressure orifices
x + 113.86
X, cm x/X -t x/¢ Upper| Lower
0.00|{ 0.000 0.00 0.000] -
4.88 .200 .86 025 . .
6.25 .257 .8 .05 . .
7.64 315 .88 075 .
10.41 429 .90 .10 D .
13.89 572 925 .15 .
17.35 714 .95 .20 . .
20.83 . 858 975 .25 .
22.88 .943 .99 .30 . .
23.77 .98 .996 .35 .
— .40 . .
.45 .
.50 . .
.55 .
.60 . .
.65 .
.70 . .
.75 .
.80 . .
.8 .
.90 . .
.95 . .
L]

1.00

Figure 10.- Sketch showing locations of various pressure orifices.
Typical internal pressures shown at approximate locations.
All dimensions are in centimeters.



35

| . ; ; - e mm e ey
)

25

15

.40,

M=0

(a)

- n°
54 = 0°.

NHHTH

[

10

ol
x4
8
7

Figure 11.- Basic aerodynamic characteristics.

46



: - Dot FR e e T Ao es NE ks | Ll e S RES et Sty Eel St R
: L Sl R N N s e ol P = _ | B = HM.I.H.J
T i e P e - il o R il R = e o= I ===
B e e e o I Al S N e S e e e B e RSl S M i === "
e s .||uu||.|||“rt Sk i Sl | iy —_= .1 ‘“J I WUH.'l -, ]
R & T O S s —i= e Lt § 4 e e
o= |, T = = ppuiope & snuuang i | v Sp— ! — — b l#-.!l|1|||||l‘ﬁ‘|| R
e e o ; e Sy = i ——% |

15

|
N
|
1
0o
10

.05

Ees = et SEE TWﬂ T

14
12
10
8
6

0
2
-4
0
0
-0
10
15
-2
-2
£

T

0.70.

(b) M

Figure 11.- Continued.

47

1



15

.10

-.25

.25

H A

FIRE

; T R e
— i 1 [ o SR o
L o po— P PP mei P
—— i RS TN Iy
..... = S .xuw Lorerd
e, pieioetanihas i . T : -

e A

l
it

Eemsae W ,
Bt

l.tg.'.i

15

10

.05

0.80.

{(c) M

Figure 11.- Continued.

48



|

i

|
5

N
Lh

A G- s e S e

E e Aol el IRt o el | e et S| Iy e it e d R
e e T o L = L
iy e Kt bt iy Sl e < %> 3 5 SR e kbl ik SO & I Pkl - — : "~

.05

LIS P o S A

49

(@) M =0.90.

Figure 11.- Continued.

1



L 5 T % A 7T
13 mw /| m A
T 7
T
T ]
T
)
T
T
1
T - > =1
T <1 2 L) <3 i
1 T
1} 1 1
— 1
T L) b
— 3
4l LY T -
“& 1 [ N
T iLx " )
T | I ¥
I o
T 1 i
1 T
T 1
1 T
T T
i 1
=y

8

.25

15

0.95.

(e) M

Figure 11.- Continued.

50



8 B
] - -
in .MJ SN
=l VLN .IM
o o -3
b ;
g &
- [=d (&3
s B gNnNax
N AN O
- 8
=

Ce-m)

(f) M=1.20.

Figure 11.- Concluded.

51

:



J;ﬂ.

-} i o o q 4 m
AT P GO s s s e o e B B B —
T et M e Rt ulvwms) tadunheiibi by o Ay g A podis - *
yll..ﬁxylw.,ﬂ.w. e Sl e R maseenenst Sak (ELEE (oo 5 ity (ol it w n ERTHEEEE Plied O_D
H——0— - .11[--u LS < SNC £\ S | SRR S S —
LA T iy L n
_ —F : o
[ Mv N U
@] Q M

|
!
T
T

 mdad ST, o

o

(A0 e N

o

e

i
Nl

-0

.05

A e 1 S UG DU M 4 T
A A AL

!
|

I
i
i

|
!

i

i

L
""’"--'-1-‘--.0-

i
i
I
-.mS -
5

nsay
Demai
Qi
:’1;
il
]

|
b
0

1
-.20

M = 0.70.

15
T

(a)
Figure 12.- Basic aerodynamic characteristics.

.05

52



T T T TTTT T Jua R T IR RSN SSRGS AN Z.n.
T T T 31 IHRR BANI R}
T T I T
e T Y LI
T
-
e o =1 A p
yal r=1 T . "
G - X 1] - y
: g
T i) 1 ]
T T 1
0 ) “ T T { ul
o k-~ - =
= rd N p A L | ] b | dd. L WA 4 -
. 8
1 1
\“! 1
R} T 1
1 1 )
7 1 T
i S e S -
Y Z ) R e ra! 1 — N o
ey -
H
}
- — — - o
e a1 Y i} I m e ot el 5 S 4 2 fo i 2
T = T Y —!
) J— | e 1 plamaid
| R § LN | 1 =
I°r I ] [ T —_ = -
1 T I I -
— — —7 T —
= = 1=
1 i = A S a A e g
—— = ke T — - O Lo S =
— i — SR k) ol il IR ~
P p et iy e S oty g o Sl
— T RS PRI (S SR —— S————" Y ey e I B | E— \“ _ T
hl TIoTI T TTIT I = PO AP T A T T I I T LI . Ml T 1
o A - e =z A A L :
———1 ——— <ttt - or— Ot
o ["a3 =1 wn wy
o =] o © -« o~ © o < g 8 2 = 8 &
t L} 1 1] 1
o
OQ Veimiiod S o

1

— el A= “ﬁHH,M‘i B s B o S et Sl ——F—=F—3—F =17 S % ] N A
[l Smisdadpiew: gy PO e e oo [ St ey St g S J= i s P - ey S
= s B Aoy wte Hlai st s = = I N
2 e e e (e o~ L el e 2t gl e = = ri‘%ﬂn : et "

) - 1 " T o P o~

h W ) + T 1 Py z

LY 1 T 1 i)

1 1 1 1 — -

LY 1 1

1 T 1] T

L1 1] 1

1 3 L) 1
——1Er 1 <>

|
|
|
!
|
i

— A S I8 _
= e e
I e e e e R z
ol — - ra - 7o w——
ot A
X 1 — =
iy L r - —
s L i § )
= e e e
Pl e e . —
ppy ||h\_|,xl:..|' " i we i ¥
7 et st s .lﬂbv.,IL b
i S —! - H . 1
ey o h \ 1
o in W S Ly y— 1
11 Al .
1 T -
iy e ¥ 1 T
W Y 2 i |
T § 1 L T Y, 2
aWan e iy o
i3 sl hl‘ .
T L W e 3
A n — g 1| T b
L 1 1 : I g & 11 (s -
L | 1 1 1 L 1 1 —
Y T - = - : T
= e =) e H— : ; —— Y
a5 ; - - g .
1 e < T [~
() ~ =) vy 3 ) o~ - o — ¢ o — < —
[N N .

53

0.80.

) M
Figure 12.- Continued.



o

4

LD

T
]
——
- = s
) b | S
f 1 1
| T 1
1 I 1l
) ¢
| T I
1 T T
EESEE
ra LT =t
o= AN
e i n
1 | T
1 13 '
—t ) 3
T T 7
I 1 1
1 T 1
1 L 1
-y
1w A V. ram
r Y r
I 1 7 T
b yi T I 7
T T T T 7
T T 7 T s
T T8 s 12 I
s ) s
1 — I 1
it P
T y
7y [a) <
S8 =3 — — 1]
’ v ' v

10

- S ————; St ﬂtlef T

HEN
.25

e g

0.90.

() M
Figure 12.- Continued.

54



T
]
I
1
A AN
= 2 — y aH o A7
L H
i T 1 m 1
s 7 T T i
T T T T 1
T ' | 1
T 1 T I 1 T
- ' ) i 1 T
1 1 1
T P = e Pl T T
; T o e i .
1 T T T
E—
— ¥ 1. I I (I
i T T T
(| s 14 | -
v - R e G e
1 T —= 10 ;) S <1 Z1 1 N
1 vs f $ t :
7 4 1 1 1 s
1 1 T ) T
o S I T
T 7 g T T
7 ¥ 1 k 1
T 7 1 1 1 |
= T A = ) T Foi v A V- o
L1 Z1 Ve 141 ﬂ.w! ) i N .4 Ry Fa i
/| } + )
) T s T
T 1 I s
) 1 - 1
I —T I - (|
= T T T T 7
— 1 1 T r i .
= 71 1 L) rAY 23 v AN k2]
—& <t s —t o> ~ R 1= >,
T T 7 - i
) 7. s 1 7
—— 7 1 I T
1 T ' { s
T ) 1 s T
I A I )
T i s | T
—h Py = A & ) "
]
—— ey < S d o e S 2 B ———T—
o0 o < o~ o o~ «
; _ 8 ° 8 e 9 8 g
. - R R K K
mv on
-] g oo o £
- o T LU e—on D (&4
s K-N
o
ood4a
1 m.
A= v. | 7aN .|
i Z1 A V.4 Y T EY
r r 1 Y T ] 1 T d
= L1 X =% —
X 1} i3 g 1y t
Y Ly | — A1 \ )
e me | X 13 i AN
o T Y T T X
o a1 A\ I 11 X
— i1 L3 1] 1
ra L ra rany =
) zt < V.4 Y [
s 1 — re % ' !
—_ i b 1} L} ¥ X
e T = y T +
A 1 1 1
L T 1y T T
Ly Y X T T
'y v Ly A I X
71 b——_t <1 b 1 — 1) in ]
t y X { Y 1 :
1} T X 1y A
x L T Y 1
R LY LY LS LY oW
Y Y T ay Y Y |
3 X 1y X 1 AY
b Ly A A\ T 'y
by )
4 Z . X2 —3— ra S
1 1 3 T M
Y 1y X b AV
1 Y T t X
Ly Iy | — 1 T AV
L% \ T 13 T
Y ' t 13 T Ay
e :
Y Y : \ — = e T
ST A LI s oy ey e Skttt
PR = AR S— - S T T = 1F|. T o= = A ——.
i —— ﬁn e A vl - - 1 PO S —
\ Y Ll 1
JEptmguin _ = f.l.!.lllw — T } [ S SR P
e lviiotete’s S, el tistopiemaiiey . oot W el i
—_— U S o [ P S, AU S SRS S A \U? S s AU A Y
- 12 = ) o —_ =) — < Ga N — [}
X ! ! + T '
@
o~ e
L (&

(d) M= 0.95.

Figure 12.- Concluded.

55



-1
19

39

AN
N 53

2.0

s - S
s
iy Y Py T (o
I 1 s
—% T X T 1
T\ by t s 1
T 3 ) T T Tt
1 3 T t t i
y 1 1 it I
k T ¥ ) T+ }
3 ¥ X ¥ T — 1
T .y s t t — T
1 "y Y X it 3
LY Y 3 ¥  ——
T T 1 1
-t q <3 1 1
2t <> T
Ly % = —
T X Y
X 1} )
; -
: €
T N
1 Y,

15

0

05

0.40.

(a) M

oq = 30°.

ics.

Basic aerodynamic characteristi

igure 13.

F

56



.05

a, deg

.25

A5

.10

.05

0.70.

) M
Figure 13.- Continued.

57



T _ s as = e — ; ]
1. T T T T .
I} T i I . : 1 i
I 1 T 1 T
- T " ; 7 1 Tl
T yan) T T T Tt + T 1& =,
o TT i Y s 1
: X > susma : B RWE (N R i
1 : H * n
M
] d
- M3
: ¥ :
I 1 -
1 11
r : p T
T une s ; : " BT T
¢ et *
haod - 1 - 1L ) 1! 4 4
t H——T—tf—+4 o 8
i T i 1 | I 59w s - .
1] 1 H ] 1 1 T 1 i T 17
; ; 1 3 s
1 1 i I ] B A
! . Ak A
- L 1 e
RSkt 1 . " ] t— " - wn
T T T )4 T I s s 11 -
T - i T —H s .
1 T i— far s
t T RS o SO SO | e f
1 i ' 4 v ' ]
1 1 1 1
vi i} 1 1
" = A
o i < ) : o
rs fl i- ra if i —
.||TI #MIY - 14 7. I I T .
I F— Hf
v S S 7 i .. .. 4 1
{ ] T
e M= e - 7 & e 7 i
Pl Sl (R Al i s iy i - e -
A L >i MY e == o et ki &1 5 1 A ( "
- - - [ — - - = TS e - — - M [ B rap— [DRHEES Wpgnpay Iy = §
s . 1t ™ I i st el suted S R E— NN U g U At el Y (el st i A S0 U R
[ . iy el oy et Sty § S v = sl pufulevl iy i ¥ s pol Rasusonls g
T O i g S —— =i = it
- ‘w ot - - 0 el 1 inuies s Ity oo —1.--1f RIS T TS It | ' o e wed B
. . i O P S D I ¢ iyt 14 Mend Do i DU I g P SRR Sty 4 (ot bl Rt G
. - D o S i £ e e & 5 o
) R — T - = — s N SRON_—_! [ S
< n wn <
=] = <
' v s

IR

THiea i

0.80.

(c) M
Figure 13.- Continued.

58



59

T T T T T T T |
L I T T i + A
T .
x T
Vaa ya o " | )
3 L O L2 x]
: ] i B
n
1 il e ~
1 I A .
T | )  —
T W -5 f
1 I i)
T
s A L
ZJ < 4 I 18] N S N B 40 DR « =
f s i s hd L\ T
T | — — 7 =3
T 7 T 39
T I s T .
1 1 ) -~
L T 1 ¥ 1
¥ 1 1 7 1
J—— T 1 LAl o =
g r=y X r=1 A A
U Z] &g 3 il Y ) I il D ) R R | ra
= | g Pt -
n
T T Y MDY & a1 1 | —
2 ! e
= 1 F A A 7 o
I T y N S 1 Y i
T T T 1 7 7 i )
1 I T I 1 s I ) i
o —) A > D e Py
71 wd < L0 [} ) X O 2 K21 vl
" ]
—— 1 1 1} T 1~ ) P — =
1 T I T ri S 4 I 7 .
1 1 1 1 1 Y S { 13
- 7 1} )] ) 3 rs 17
1 1 1 1 T y S S ra e 4
T T ) 7 1 S S e 17
T S 1 1 1 y DU S 7 1
A 7 V. 1 LG W 1 A A
T | ZT L § ﬁd\ O %iﬁ
T ) T 7 P AR DA § T ,
- ] | ra F S A | ra 17 &
T ) I Fa F A S S rars)
1 ) 1 va 7 ra ‘s
I — ¥ z V s y— ] )
¥ T va Y o s ra 17
1 T 1 v2 7 y A T Y o )
T 1 T 7 74 7 ) s 77
i T ) ) Z v 14 7 ) 1T
Fon MY 8 = va Y ok | e MO e, f
= e = 2 2 > o = ¥ " m—t o
© - o~ 78 n < o
8 = ] 8 kS
v 1 t [ '

10

(d) ™M =o0.90.

Figure 13.- Continued.




0.95.

(e) M

Figure 13.- Continued.

60



u

,:—Ef

!

]
q
L

N

fe

15

Iyt LR

.10

H T DN

it

I

|

i

|

|

|

T,

pet
4
B

|

|
y

!
AN

TR

Il

1: %' !:. '
il
M

H

i

Ny

|

:‘ : %Q%T'??
!

T

.25

—— —h = ] e B e e s T ! IR IR
T e e o ettt ] e e e S S S - — T =1 =
P! Ay ey N — —— | — —F - p— pa—
—_— e - —— ———— e ——— - —— 4 - ——— - —_ .
Mwﬁ.;ﬁl@‘hlﬁ [ bl lensstpel g ey -
LY

|
.20

!

|

5 O - == i
\ —_ —t— - — -~ —
1 PRSI} R—— S 0 OSSP —- - JERMORUNS N ——
p— X JA S i — i R v—
e . E e e S ST D\ e
— I AN = ——— = — S —]— —
— A A=< I%l"\:. ian = Wi T FosiE == b
e p—— = —y— T — s IR, & gty T T - - papn e Y
R e e — S e
—— —= ¥ T t = p— p——r ]
= 5 e =1 =
1 1 LY 1 1 —— I I——
A 1 ) A Al —_—— e e —_—
1 1 A1 . | 1 — — T R
- A N
<3 2 1
3.
e
1
h
Y

! it
Er"'tr"— 1

i

FF":-F—

G

jl«/u-“

I

A

3

21

1
I
1
4
3
2
1

(f) M= 1.20.

Figure 13.- Concluded.

61



I I
H
:

il

HY

0.40.

(a) M

5q = 45°.

Figure 14.- Basic aerodynamic characteristics.

62




O

'
o
o
i

o
A
i
}
5

!HIH

—-u-L-l—
il
N A
“-?Tf‘i' o

s
i
1

T I 1
T ) SR l_..llrlr
13 1
I 1 ] 1
s A —— =
71 =4 =4 P 5
T 1 I “ t 7
1 ¥ T T r*\‘ 1 P e
f 1 1 1 1 + e AP Al e e 4 ?
] L ! == e
_ i i ] + e e
] s —
| __ } } == Q&lqi%rl\ e
“ ! Ernene =y
E . i e e
— 1 >
= b 2 w ©
o
&
; _ o
X e +
L ¥ - ——
A} A g Y
LY X X Iﬁ.
A S Y A
X\ % Y X
Tail yal <} il &l
A1 AY X
—— LY il '—f 4—
i e Bt Y X
i N .
P ¥ X *
. X\
= o
T v | L4
5 i
A= > |
— X
s b ¥ N
A% AY A
X > \
ya: 7 2T
4 <
X X
X AY
X X X
X X X
———— AW Ay Y
> -
) | L
X AY
X X
= S
x; X
P X
X N
5 :
ol N e
= %
] et >
7
—_— e —
Ly o ~ g w

0.70.

(b) M

Figure 14.- Continued.

63

]



Fa)
T T T T T T T T T TT T—T N
T ! T T 1T T 1 Inaa)
T 1 T " i T InE N
T I R T (| H
I 1 T
T P HEi
1 T rui
<} p 1 r=Y i e i Y
¥ T < r <
¥ — .
f H—F
f 1 ? MY A5 ey
1 A 9
1 f AW e
) 1 F AN I . S
VA e} 72 P =T |
S 2 i Lx (@] R SERC |
¥ 7 fi v La)
| T T 7 7 7 -
I I 1 7 .
) I a
1 I 4
I 4 7
I T 1
1 D ; 1 4
.4 el Val = =1
= | L W 1 1 1
I T 1. Bl
} I ] 1 ]
+ i 7 t S Soets et ae s =
1 1 T 1 f=i- o
1 T T T  E——
] ) 1 1 1
£ = <} Ly | 73
e n > v e O
T 1 T T i
1 ) 7 1 T
{ T — 1 T b
1 I ri 1 1
T | { i 3 f 7
3 1 1 7 1 T 2 VA — . 4 7
f f ! ! e e e
i ] L ol Y L — P ik f I ‘,HNWI 5 —
T o I e R i " d—L—A o
cr < o T p— T . MU A m. = many pas e
o0 <t o~ (= o~ < o
= b i S = o & o~
. ) " N ¥
o
=4 E
3 (-1}
o = — 0NN N e O ©
0
T PR A — N
W | ! =)
: /~ - b [
i - y
- !
A VY !
L. :
N U2}
y /.a T =
h - 4
i - '
N A\ © oo
R
i .
AR 1=
i =1
~ // .
;i 3
u J//
i .
' 1 wy
=]
i . N
1
; o
o~ - S —

Ce-0)

0.90.

(c) M

Figure 14.- Concluded.

64

|




e~ OnOn 0O 00N
NG Mol
ond«4aa

.35

.25

.10

05

0.40.

{a) M

0q = 0°.

Figure 15.- Basic nozzle thrust characteristics.

65



£

3

0.70.

(b) M

Figure 15.- Continued.

66



T TITTTT T T T ®
T T I T I .
1 ] Imni I T T T
in T I T T
11 L H I8 11
" L I
1 i T T
i I L -+ T H e A T T
1 Il L Ll L T L . Il
1 1 T 1T T T g
1T T ! .
Y 7. N Fy
Y 1 <x 0 Y ﬁ s
1
po) - 2 P )
T yl ) ¥ Cr O Y I ~
- —
1.1 11 o pund ya T1— X =]
n 1
i 1
7
]
]
|
—) z$ < &
e ] , )
3 et
A | y = e N L ) S R Al h i
= PN e w0 - < ~ e o ¥ 5 ° g B 9 8]
) ) \ v [
© —
. 13
c
I (&)
xK
T | I Il T Ti7 T I 1%
i e 14N RN S RN R A
T T AR T 1
- T T T 1
! T |
2 A S ! ! —r
D eI MmN oM DOSRE SSSSY Rbdin I ; T = .
...... ISR eNY T
.0...L«V1358B . ” ; t mb
& Pt g - ! - Yy prat
! X
h ¥
oao<44aa i
\ = -
X
X
LY
< p——
?
o "
TTT 1 ma N W =
§ PRa S auN T -
T X
—X,
X
X
| X
. : I —— -
o S
* 1
Y
- = X
n
A" LY
o X
A
- s
A ¥
L ¥
X
b ¥
)
| T
1 © H—— o
S —— E—— — :
< © o < o0 ~N - o - -r L) o~ - -3
=3 2 H ! 3 N 4 d
g -
; Z -
o It i

0.80.

(c) M

Figure 15.- Continued.

67



Ej

68

10

a9 deg

8

ujo’ deg i
D -2_1 6 [ A

o 03 HH
2 L5 HH-
3.3 yul
D51 4 HA
D 88 " elgl

-2 R H
L o K & w
L cm,] HH
-.10 FHH

(d M=0.90.
Figure 15.- Continued.

10




0.95.

(e) M

Figure 15.- Continued.

69



4)

&

|
>-T-s-— h
|
il
il
Al LAl
[
3

a, deg

10

o HH

8. deg

1

Cnij

(f) M= 1.20.

Figure 15.- Concluded.

70



e

[

B
-
10

o=
—— -t —
€ - LTI T

P

R el ety | S
Py s b | O T IS
=G Tt T pupe—. V4 13- & P S ——— S |- S ——— s p

4
4
10

4

8, deg

10
0

0.70.

(a) M

Figure 16.- Basic nozzle thrust characteristics. 64 = 15°.

71

e
AE



= e 3 o] = .
= 1= T e ] —=""7] T
e b aus punsinandeg S
T N
=
L 4
LJ k\l
y= Vel
1w | [om L )
t
I 1
4 ¥
{ 1
] f
) T +-
f T :
1 ) —
I I
i )
T T F—-1
T T -
= T T t
=1 T
—NIT
ES e w B - ~
©
=
o
 nusunmes
g A mMn g
o O ~
o 3
oo<44a |
7
I
-~
" Y
=
- T
=3 <2 S (=] L)
b=

5, deg

M = 0.80.

(b)

Figure 16.- Continued.

72



73

T3l Tl 1 Ll 112 JANE NN IEENSNES hEEDE AR BN 4 St
JMEY T T T 1T T S NN R 1 T
1) 1] 1 T 1T 1 T 117 NS
1) b T 4 ) 7 1 1 H Pt 1
ja 1] ! IRER Al L )l 1
1 3T _, 1 1
P . L y
o L)
T
! .
i :
i a— ral AV :
> .
7 Z <t AN = - = E
. ~T :
= -
IT N
= g
4= I e Sadmm— .
e — —p——H o e —— =
e i
1 S
un
y —— ﬁ £ €Y — S
T " T t T
¥ [ 1 [ —_—
1. I I r
= ! I e ;
— ] f ] t 1 i’ il L o]
2 %1 = 25 e et Q
|5 s F = It E—— 4 3 < LW = ]
-] L= -
~ A R i (=] e 8 = B g . m
" ¢ ' v (= ~t
[=2] o
S °
4 = i @)
= © 1
= s <
©
T — K i
T - !
1 ] —
T [3) )]
mu o r
S mmnmae o]
G &
o X
5 AV — P
| W
i o
LW
)
1
MM
i
3 |
1
1
;|
A}
1}
33
£ o
o~ - =) = <




pt
1 - n
11 : L
ot 1 Tt 1 T 1
il ._ 1 4 ,». L
1 :
A "% aN ey T 1
ol AW i e ) 1 1T . [*2)
n ' 1 TN
1 T .
1 -
1 :
1
r . 1T
1 { T T
] |
21 Pl | ra = ~
| e 3 1} B | AV I | L ) [—])
1. el I 14 o™
1 T 1 I .
) 1) T
4 1 )
| 1 i i}
b} 1§ T
T 1 T puy I
1 1 1
- Y Va¥ = ——
¥ 3 &k L. S, 1 ) uwn
r Y Mo —Im—
I T 1 1 I M
T T [ T gy
i P { ]| ¥ Py
T 1§ T ] |
1 1 ] I st ——— . -
T 4 i e e e .
{ P “Wu'%l I pstay Rty St
5 >
Ll Vd AN ] l|j‘. iyl bt i it - [=~)
S S— [ o =
= 1% Ilbbddin
[Ta)
(=)
;
T o
=
o~
)

0.95.

Figure 16.- Concluded.

74



0.40.

(a) M

Figure 17.- Basic nozzle thrust characteristics. 64 = 30°,

75



40
. » EEEEER e deg
i - 21
.0 0
8 L6
2 HH X 35
B 1] NE-Y!
11 D 9.2
O 126
10 1 2z 3
¢
3
2 H
Cnj 1B %. g Ty
snkgaRfacs o £ .1 T

jRked
Tt dd 411]
I i\
= ‘—_)talr
c || a7
F.j ﬂ
i L
B ERENRY L] t
1
B A{"
. ;‘ ",-
0 ,,,;Ll T
0 05 10 15 ]
Cr

76

a_, deg

c .
m,J

12

10

-.05

-.10

(b) M=0.70.

]

o |

14

¥

X

' i
¥
&

¥
f 4
¥
'}
¥
T

Figure 17.- Continued.

.10

15

2,

~N

®
g



40
3 ': ujo' deg
H O 22
H O -03
H L5
x 2 34
N 52
i 0D 89
E QO 1L0
105 1 3
c
T a,. deg
3 —
2 -4
T B
L || rtet?
LT gEEes
o=
-1
_:]. RS
4 SEES
| B R
3 A
| c .
m.]j

Figure 17.- Continued.

12

I ] by 3]
a TR
10 i
ﬁiﬂ o IR paaarad ity s
8 L \
6
qu 't 1 >,
ar s VAAEARRATS
4
1 ¥ 2 AL
2
K NP
N N N
0
- + ---{FL H-HHLE i HH
-2 = I H
PO
-4
.05
0 %
N -;-#--q_.__b_
-.05 i i
-.10
-.15
I
-.20
0 05 10 15 »
&

(c) M=0.80.

i



. d
2 oy deg

-2.2
8. deg H by 6 HHH : =

14 O

33 R R N LT
51 4 HE ' b
6.9 mafwi

10 . . 4 8 A T \

=]
Dorb>OOo

" deg 2 T 1 R. H

.2 0 HHH i

N'] . gyt 3 -1 S ma 1

H L . -10
A i e
-

sEiitt:
: : -.20 HHH

0 05 10 A5 20 25 K] .05 .10 15 .20 .5 .30

(d) M =o0.90.

Figure 17.- Continued.

78



Tz

8
. il % --------- i
S0 N ] e AT O
5 deg N{iH Yo deg 6
15 O -20 u
2 i et [1 -2 L]
BRSiER) it 2i S 16 “ TR
A 34 4
HH N sl ,4
1ok D 73 T AL
‘. c *
T a_, deg 24
n \5_____“ ]
L
2 0 s
] O
1 sbl ] -2 Gl
5 HIHTH T [} R
N,j H ‘?_..-!
fopeted
0 T : -4
{14
i i 05
A ! H '
4l H 0 R
B8R h - HHH
- =
3 i -0
1 AR Cm.j
c | at '
Fi -2 (] P -.10
’IF'
11 P at ity 15
H LT HH HH
I !
L T
0% TITT w; HrH -.20
0 10 15 2 -] 30 0 05
c
T

(e) M=0.95.
Figure 17.- Continued.




80

-
T
M A

2L

ﬂjo. deg s

e
b

T
P |

i1V 2
Lt

5, deg  H

2V AT,
i

H N O :%g 1 L 1
S ing g i i il
i T * i N a, deg 2H H ¥
10 1 D 64 N
1] 1 2 3 T N H
¢ o L s
HH i i i HHIE A H
i i ]
g I e e I T

H

™ M | L
CNJ . saiis H -4 is H R H
H Raiigede il RiEEERISREE RERSRafaRtEsERRiced
-1 Enasyssane : .05 "
e Haiiiiie e
.4 :M- 1) 1 o Lbr RENE 0 . " 1] I3 I >_‘ H
1 O T T T a (1] - - LLLL] CIerrs
H H ; =i >:"_‘“ H 11 LV: :Jj3 e j -. ] 3 PR )
3 HHH 3 HHH HH
A HE T Cnj H HHHATH
Cry 2R e H: Sl
Nuas L:___ ]J“ I " ol z’ LH kaF“ :t~.~ HHHH T4 .
1 ¢ HE L EefReEsEtasaecitise g

-.20

[

o
8
5
&
BHH
&
°

(f) M= 1.20.
Figure 17.- Concluded.

=t




(»
.35

.20

.05

-2

.35

.05

0.40.

(a) M

Figure 18.- Basic nozzle thrust characteristics. 064 = 45°,

81



Py ) T N T )
LI 71 el | <> l oru
L—J . AV ) =2 X ?
L i i ' i ry
] 1 t ) t i Q
i ] 3 1 T y & .
¥ 1 1 1 I y )
I 1 1 T T <
1 ] T T s
3 21 Cal Ay LI -.W
. a Ak ; W
T 1 ¥ } f =
f 5
I ¥ ¥ I3 I ! 3 m
1 I T T 5 y &
I T ¥ 1 t ¥
J 1 i 1
= oy Py
il L4 Eox mw Fa Aw
A"t L ~.2
-— } - 14 h— r & uwny
T 1) ] ¥ v 4 — O
1 3 ) T y 4 .
i 1 1} T 1
1 1 T i T I
% % L — 1
73 Zl PAY ol —~ n_
€ (! = )
I f } t T f
} g I 4 1 s 2 =]
{ ] I 1 T ¥ =t
e 1 3 [ 1 1 .
= >3 1
L N—— I . =
.. ihhrlq s |.m o T
1 y f— * R f F =
{ B e I e e = 7
{. . — >0+ b i ||11.|T| y A - N
1 T 1 e S I R SR 7 pmase S
I -: I [ SO S PR VN. N\ PERAPRANIH RU D PN [ ——
) Y 0 EOEG JEE SOSt bt S g ) 4 i
} - f f F
: et 17 = =
- 5 LABNS b L.KTH LA - 1 —— .
L 21— rat T R L T 1 " =)
s k! o~ | T i 13 s H 1 1
=] o =3 < o~ o
2 o ¥ 5 o g 2 0 8
" - ' '
© -
= E
1=} o
P — {
.m, — N O N -
LSNP NG
)
— —
== 4
——X
X
L 8 2
k1
- t T . T S fupe—
- T R e P
1t 1Ll p———
it — X Fa
L ¥ X -
I ul L'y
b T ‘
X X =]
o~ % L Y -
' % X .
i I I -
— T T =
A ! T ¥ _ %
i) I A Y
X (T3]
A ¥
. —_— —- X { (=]
T X A Y
T A ¥ A ¥
A Y 1
X T X
X T )
X 1 e i §
X T 1
> R maaan "
=t it = : -
: il I | 111 S 1 d
— - —
m m AO-. m o~ (=} . -t o o~ * o
= a—
= w
« [3)

8. deg

0.70.

) M
Figure 18.- Continued.

82



83

0.90.

{c) M
Figure 18.- Concluded.

rr YT TT1 T T T T N
T 1T i TTTY i 11 T H 1 .
T I InRN ] bl i ) A 1
:. i) 1 1 T DN H
1 I h 1 Al 1 I T
+
T
T .
1 )
—1 ¥
T ¥
] :
Z
T t 1)
T 1 —
T ;) "
1 I '
—i { 4
' T ’ )
1 T ¥
1 1
vl = i” —
12T I
[ T e i o
T T — - = —
T 7 3 —F ’
T 1 i by
—— 1 13 T ¥
! f I I :
A 1 s v i
Gg—"d——d <y i
Tt = 8
ra T =}
f f — 7 i i .
7 '3 i 7 7 b
1 ] 3 ) 7 1
7 —— f ===+
— T 1 7 —-
7 ¥ 1 ] ’a g
4 1 s 7 7 7
mu Mw — S . ham | o ¥
h | N p™= L4
o o < o~ = o~ <r
= . , 5 8 2
. - -
5
o
]
o
ul
n]
o]
T
L Y
,
h ¥ _——
-
—X —
‘-
7L © =h
\ B
wlu p— 1 =
T X
e v
A ¥
o gmam ¥
- X
X
A 1
i
~ o
d -

1A



78

yibi2 = 0.325 yii2

= 0.45 yibiz = 0.6 yibi2 = 0.8
AT i Rk TR e

a1

sy

Lok
0

(a) M=0.70; a=-0.3°

Figure 19.- Wing chordwise pressure distributions. 54 = 0°. Symbols with
crosses denote airfoil lower surface.

10




G8

.Loi .

yivi2 = 0.325

yibi2 = 0.45

xe

xic xlc e

(b) M=0.70; a =3.5°

Figure 19.- Continued,



86

L

r

e

-

T

1

-y

0325

yibi2

5.4°,

=

b

(¢) M=0.70

Figure 19.- Continued.



yivi2 = 0.8

yibi2

0.6

=045

yibi2

yibi2 = 0.325

Fess nauy ppu S ey B

%

s

et e satt

xic

c

X

e

e

10

a=9

0.70;

d M

inued

Figure 19, - Cont

87



2 = 0.6

T

e
mynpe

[saeugses

PR
B oging
R 0ooo a

13.5°,

88

yii2 = 0.45

T

¥ibiz = 0.325

20 o

() M=0.70; «a

Figure 19.- Continued.



L

10 Y2 = 0325

yioiZ = 0.45

() M=0.80; «=-0.3°
Figure 19.- Continued.

68



90

Eans
mang}
Fh
Fr
EanEy

=08
yans swat
THRH

4

aa sums

T

yibi2

Jpas RaEEE N}
ad Sma

g wianl

T

T

Ruwns

1

RS AN RS
T

T

s

7

T

rnupas

iunh

T

)

AT
H

T

T

T

T

"

= 0.6

il s

1

IwpuREDE B}

|G Ra Ry

yibf2

HTH

T
jaa
T

T

1

T

yihiz = 0325

3.4°,

a=

’

(g M=0.80

Figure 19.- Continued.



16

1a b2 = 0.325 y/bi2 « 0,45 y/bf2=0.6

y/bf2=0.8

J L
T T L LR
L0 0 2 A 3 1.0

(h) M=0.80; o =5.2°

Figure 19.- Continued,



92

08

yibi2

yibiz = 0.6

yibi2 = 045 .

abay
b
ShnE
53]
T
Pt
jamad
338
H uww
A
e
ety
T
uﬂw*
iy i3
wﬂ:l v
] whans
1] vv“
[x] sewd
F o Rinas
fg TR g

-6

10:9 "‘—"—'—‘—._""’;""‘-_.."k .

'il 15y

Ths

T
1

J1Eae

xc

c

bl

e

c

10.9°.

0.80; a =

(i) M

Figure 19.- Continued.




€6

yibi2 = 0.6

yibi2 = 0.325

yibi2 = 0.8

i

Lo i M;jur

e ' . . ' we ' ' . we ’ ' ' . we '
() M=0.90; a=-0.4°.
Figure 19.- Continued.



¥6

yibi2 = 0,325
10 e O

iz = 0.45
T+
I

yibfZ = 0.6
T T TT

(k) M=0.90; a =3.3°

Figure 19.- Continued.



G6

yibi2 = 0,325 yibi2 = 045 yii2 = 06 3L I
12 , T I ] R L LR
. . ¢ .
. o0 &
10 0.%
e e -~ o6
a2

(1) M=0.90; a=5.1°

Figure 19.- Continued.




96

yibi2 = 0.325

‘bi2 = 045
T

yivg = 0.8

yihi2 = 0
S Rl I B s D s

__
1
|

IR

(m) M=0.90; a=6.9°

Figure 19.- Continued.



1

L6

yibi2 = 0.325 ¥ibi2 = 0.45 yibiz@ 0.6 vibi2 = 0.325

(n) M=0.90; o= 8.8°.

Figure 19.- Continued.



86

ibi2 = 0.325 ibi2 = 0.45
ISTAN RORTY FRNTY Fant T TR TR LT

yibi2 = 0.6
T L

yibi2 =08 .
JO R T T R

xic ’ xic ’

(0) M=0.95; a=-0.3°
Figure 19.- Continued.



66

y/bf2 = 0,325 yibi2 = 045
CT a, deg

o 0 33

-' T E—— Tﬁv B - ﬂ—-‘ E"p& ——
T -' D Tt e on A !}f‘ T '®;m" R . \“—_————

4 b N A ——
P N Pl e B A . Moo

yibi2 = 0.6 yibi2 = 0.8

|

[+ T

(p) M=0.95 a=3.3°
Figure 19.- Continued.



001

ylbiz = 045 yibi2 = 0§ T
12— :y’.w;z. {0325 RO R T IO EEAR) NAY AR ISR LR IR As N 2o FOSH) IR TRRARS ERRESHARE: LRH RS RHAE R RSN FORRY LA EEAR LU '{ti.iz A AR A Ht{ tﬁﬁﬂf Ltf{ {Ez{ﬂ.ﬂm‘
RN R LA TR O S HA R A RS A I AU LM S [RACELY ENBRRELIS] 12U (RUEE SEE MNNS CAN UEES UEUOLSCME UMSE SLEN X PR

X

ﬁﬁm

(@) M=0.95; a=5.1°,
Figure 19.- Continued.



101

b2 = 0.6 yibi2 = 0.8
yibi2 = 0.325 ! T

xic ' . xlc e
(r) M=0.95; a=6.9°

Figure 19.- Continued.



¢o1

yhiz = 0.325

ylbi2 = 0.45

yibi2 = 0.6

yibi2 = 0.8

|
|

-

R

B

!

"{;““mw; %

B —

(s) M=0.95; a="1.8°

Figure 19.- Concluded.




€01

12 yii2 = 0.325 yibi2 = 0.45 yiiz = 0.6 yibi2 = 0.8

e ]
gl _

adeg T T T -

. T
-LO | | oop 3
¥ 0® -4
o O QB =5 o e e - e e e
p.cr 89 b

R0 0 0 X

L O O D A  ¢qﬂm¢
AR E A '\l R O T

0 2 4 K] 8 Lg ] 2 4 b 8 1.0 ¢ 2 4 4 8 Lo 0 2 4

(a) M=0.70; & ~-0.5°.

Figure 20.- Chordwise pressure distributions. &4 = 30°. Symbols with
crosses denote airfoil lower surface.



po1

y/bi2 = 0.325 ! {hi2 = 0.45 yibi2 = 0.6 yibi2 = 0.8
-"Z[HH‘II ! [ : { '::'l'.':'-': S .‘.'5!!illlUHHHI[uHH|I|:ll|f‘;:‘t l | R R U R I T |||'HHH”” ‘
RN : U OUTN MU STON ISETTEANNY NSO AL MLHEEIN B 1 : ‘
o I A A A A R e ” . ]" . CT a, deg T ‘ t:”‘ " ‘!
-1.0 : o0 35
' . G.o8 34
~~~~~~~~~~~ ¢ T B S - ©.a8 33 SR
p.cr 529 32
-8 e T
N - SO U NS U O U _
L= ¢
Qﬁé‘é
.?;} N
el oy
.6
8 0 2 4 6 8 1.0 0 2 4 .6 8 1.0 0 .2 4 6 .8 1.0 0 2 A 6 8 1.0
xic xc xic xe¢

(b) M=0.70; a = 3.4°.

Figure 20.- Continued.




Go1

-14

L2

-1.0

i

Ve

gl

(c) M=0.70; a ~5.3°

Figure 20.- Continued.



901

18 i 2 = 0.325 i yibi2 = 045 - : . ¥(bl2=0.6
T 0 O S

T

I

&
o~
n
e
oo

: R ®
3

T
0
8

| | 0 .2 4 K3
e

10

(d) M=0.70; «a ~9.1°,

Figure 20.- Continued.



yibi2 = 0,45
SNl SRR uny

==

= C. mdeg

20

yibi2 = 0.325
- T

—py——————— £ e :
kk : '@ iﬁ‘ﬁ!@gm] LT : -7 - g i

RO e T R O O R T e A S
6 . 1.0 0 . . K .

(&) M=0.70; a =~13.4°.
Figure 20.- Continued.

LOT



801

ylbi2 = 0.325

yibi2 = 0.45 b2 = 0.6 yivz = 0.3

T

ik

ik

1.0 H—

i !
-
L AN ]
- (I
, ! o A1
L Il [N
. 8 e
A =
1

e

(f) M=0.80; o =-0.5°

Figure 20.- Continued.

B



yibi2 = 0.6 ylbi2 = 08

yibf2 = 0325 yibi2 = 045

AY

o
4

&\ . VN _Aji.
L 4 W lﬁf \Ek\% EE? %ago\efki
D, '}‘

Tl LA
| SE SR N T . o N
B 1 ‘
enuod SOARE M -

557 EATRY AN INREY B B A~

B i

601

T

sl T P O v
6 8 10 0 2 K) 6 8 L0 0 .2 4 .6 8 10 0 .

e xic e xc

() M=0.80; a=~3.2°.

Figure 20.- Continued.



=408

0.6

ibi2

1°,

5

[0

H

iiH

T

Figure 20.- Continued.

(h) M=0.80

12 = 0.4!

iz = 0325

110



13 yibi2 = 0.325

yibi2 = 0.45

yibi2 = 0.6

ybi2 = 0.8

R 111
o c

q, dg ~ |

—o0 109 T
0o 108

— OB W7 T

z
N N T 0

TN AR S

. IR
i ahilbe

W s

Ll

e

I1I

0 2

(i) M=0.80; a =~10.8°

Figure 20.- Continued.



(491

12 ¥Ibi2 = 0,325

ylhi2 = 045 ylbi2 = 0.6 y1bi2 = 0.8
I T R BB R I .,:l::‘::;'w T : T

l i I L RR ERE LA R LA AR shAOE R ‘...!.!!! ”H‘!:!' RE R E :;‘;;:_._ 41" WI g'lgviq; I
. _"..:“'7;’.."2". '. .-...A | . 1 ‘ PR B FA A ’.?.‘. ‘ t. H : R SRR N R i

T

;TR

xfc .
(j) M=0.90; a = -0.5°.
Figure 20.- Continued.



yibi2 = 0.325

yibi2 = 045

yibi2 = 06

yibi2 = 0.8

€11

(k) M=0.90; o =3.2°

Figure 20.- Continued.



i

114

W2 = 0.8

yibl

iz = 0.45

AL g

S

yibi2 = 0.325

0.90; a = 5.0°.

1 M

Figure 20.- Continued.



14

14 yiv2 = 0325 yoi2 = 045 w2 = 06

I

yoiz = 0.8

o, deg -

1.2

SRo

-10

L o T T O 0. A

0 2 A 6 8 L0 0 .2 4 6 .8 10

(m) M=0.90; o=~6.8°,
Figure 20.- Continued.



911

12 yibiz = 0.325

R v I .‘H)
HHER T
1

TR AR AL RS SRS

1.0 -

we xe

(n) M=0.95 a=-0.3°
Figure 20.- Continued.



L

yib2 = 0.325 yibi2 = 0.45
R R - T

5

Eiy R
T Nt .

Whigens

(0) M=0.95 a ~3.3°
Figure 20.- Continued.




811

1.2

yiiz = 0,325

yibi2 = 045

yibiz = 0.6

T

1 a b
VEER[TTTY
355 RS e
.

=
‘LY_L‘\
A
j’(:-‘:r—v
e
T
i

e -

(p) M=0.95; a ~5.0°.

Figure 20.- Continued.




61T

yibi2 = 0.3%5

yiv2 =08

o
i[|:|m

Edcdn

(@ M=0.95; a ~6.8°,

Figure 20.- Concluded.

HIIHR

4
xc

K



0gt

N

alo

1.2

L0

y/b/2 ' ' . ylbl2
{a) M= 0.70.

Figure 21.- Typical spanwise variation of section normal-force parameter.

1.0




12 - d d

a 10,8 —00

6 .8 1.0 0

(b) M =0.80.

- Figure 21.- Continued.

121



44

1.0

2]
olo

N\

(¢) M=0.90.

Figure 21.- Continued.




¥

54 §

1.0

o .06
o .17

(d) M=0.95.
Figure 21.- Concluded.




7 : poy - - - q .
e Rt e -
. - y BCaSRE o “/“;‘:{“‘"\"" < o y vt
- *
N .
.
Lo
. - LI
.
' v
!
. H
:
’ £y
. . Car
4

P LT W TNTR S N a S

3 o ey

<
o !
.

Trher o
NN :
“
3 B

‘

B
. .

'

»

;e

124

\

(a) M = 0.70.

R

A

i

LR
AN
s

e

7
x

P
PN
RSN

A

v
N
[
1




(b) M =0.90. L-75-208

Figure 22.- Continued.

125




(¢) M=0.95. L-75-209

Figure 22.- Concluded.

126



L2t

—— Wings + body --- Force data
~— — — Body alone  --- Force data
O  Wings + body --- Pressure integration + body alone

M = 0.70  Me0.9
0 CT'0.08 - CT'O.06
CL l— OpF o [0 0] o 0O o
’ - 0 O
0 1 | | | lniion Bamieduin
0 - CT-0.18 ) CT'0.17
C © Q __Q P o} 0]
L,r — e —— © o) o)
o LT . . -
0 4 8 12 16 0 4 8
a, deg a, deg

Figure 23.- Comparison of measured and integrated jet-induced supercirculation lift. 0q = 30°.



o = -0.3°.

0.70;

(a) M

8q = 0°.

Figure 24.- Afterbody pressure distributions.

128



xIX

xIX

(b) M=0.70; a =5.4°.

Figure 24.- Continued.

129



x/X

@ = 18.5°.

0.70;

(c) M

Figure 24.- Continued.

130



L0

Bottom row
L
i

-1.0

-12.

o = -0.3°.

0.80;

@ M

Figure 24,- Continued.

131



xIX

a = 5.2°.

Figure 24.- Continued.

(e) M = 0.80;

XX

132



1.0

0.80; o = 10.9°.

H M

Figure 24.- Continued,

133



1.0

TITTRTTT1¥

ylw = 0.78
tEIETT

Top row|

Bottom row

-LoHH:

1.0y

a = -0.4°.

(g) M = 0.90;

Figure 24.- Continued.

134



xIX

xIX
(h) M=0.90; «=3.3°

Figure 24.- Continued.

rrrrereres TTII0T11 ]
M ylw=0.78 1ylw=0
IRERRAN et
[}] Top row Top row
L4 \\~ L | a?
48 ™ bt
h 'jﬁ;? m\ /'48( f
I s
\ "W |
\ L L1 A |
L/
Y/ Al
- /V b éf
\i 11 gt /
=94
A _‘)A:F |
il
V1
CT a, deg i
o0 33
0D .05 3.3
i ©.16 33
026 33
il HAPH T
L ) HH ]
111 Bottom row L LA Rottom row ;Z; b ;
AT T T L | j
L1 N /?‘
\ 7 ‘
Nal B
h lfﬂ( N _
N\ 7
R h
\ / il
\ bl i A;—'
Y :
.2 A4 .6 8 0 0 7 4

135



L
A 1
ANeRE
4

1.0

PTEri i

yiw=0 TH
Top row

[RRRRES

Bottom row

0.90; a =~8.8°.

1.0

24 - — O "
. e e e e ™) R
f = £
y 4 £ ———-
hh 7 —
f e o S o e —— —
ot o ——1 - e i —
> N iy II«I[ ppp—. USRS, ~ - Sy PR - =
T = B0 g e sy s e —
: o e —————
i - T B - i —
—_ .~ 00 00 P~ P~ ___ e e e e a -
et~ X R e T
l'l.il_l\m S — [ e — G- KD — - o =
ke — = L= A
N P8R8 —————; T
AY .

Figure 24.- Continued.

(i) M

N . e
RN - — . 2.V 1 P RO
/W/ _ — — o e — e /.v..., ———
e e P e S fos P it e e S ——
e ren A 4 ——— N e ———
L [ ap AN = —= v DO P s s
e P eSS W// TeTDi
o~ S, . — [ —— . L.
< = = e T )\ e e —
-3 =i [ S — - — R
: Ol —— P S — WWMM T
~ e hNo oo et el - ST TR bt et e ————
IS T lw,l’ol = =pmiiiizz P e .. — A
=5 =8 = : T umu e =
Fz= g == - =4 —r
= WJIn —_ [~a] -

136



137

1.0

xIX

1 TOTTTT .
T 1 T T
[T T T A
] RS,
NS
T )i >
i jaa
| | N,
AN
; AN
&
e
=Y lm <<<<<<<<< e
= ——— " S [C—
~E-8 St e B e m—
- ™
L . -

a = -0.3°.

1.0

Figure 24.- Continued.

(j) M=0.95;

[NERERERNET

yiw=0.78

Bottom’ rmv~

priiin

{Top row

21



1.0

= MU OO0 LI S U 000 S MO0 0 0 LD A A L O O 0 S o -
i e e e e T e e 0 0 U I
" 17 I I s T T ”_ _M 1 Il __., 13
; - i i I BN DA
Inoe) ! T T i i AR T RS
T " Y 4 - i T — (Y SO I S AL At
T i : TN - ;
- - : T :
Hown ! T s T - : " o«
) . e Y mane) —
n ~; T ' NS n) : |
- . Il Hild 1
iy, .
! N S,
| Ry o> i ]
! Jﬁ.& y Py =0
- (4 ) )
I ™, i T
/./
s x
= =N X
o
I ES : \mdn
i = \\. =4 7
©-5 —€F g =
L]
- = ——, =
o - & : s
- =]

3.3°.

0

o

0.95;

(k) M

xIX

T
N Z.
PR 1T : I 2z
y T I i 7 !
| + i I n L . ] ———t
|mmms vy T I T I el o ! T
o~ o Y] A o =] = ] o ~ o oo
¢ N I S 1 '

Figure 24.- Continued.

138



INEENERNNR] T T
H ylw=078 ]  ylw=0 HHH
INRSRARAN SERRERARKl
LFH] Top row ] '} Fop row i
0 } 8
Il H
-2l l ,E# P k2
i
~._q l o7 Mw f
\ # e
) | )x’ L& //
4 | W :,\) ‘ L]
‘K it
%G -1
-6 \ %/ 2kt
\ ",ﬁa ; & :
g &
-3 N ! :
s ‘
CT a, deg o
1.0 H o 0 69 X +
c 20 05 6.9 i
p. aft HHHO 16 69
: A2 69
N K X
i I
Hi ! HE
.2 f :
| { 1 | ‘ AL
0?\ Boﬁdm row ! ! ‘ i;;; O Bottom row :;—(:: %
p5? T N Sy
1N HIHHHE = AN ! | o
N A @ \ '?/
U INE ST Il *
2 ] i :
T %/ | ‘ | | o
B \ 11/ I :
A BisE
'.6 N g ! VI ;: ]
] | ‘;};: % :_:
-8 2 4 6 8 10 g 0 2 4 6 3 5
xIX XIX

() M=0.95; a=6.9°
Figure 24.- Concluded.

139



P— t
) S
(- z {
| — I o P ———T R et
Z = = iv'l”.’“ )
te=§ £ :
- = (=
~E -8 : M
= P i
e = ~
| =
“ -
Iy 1 o
T
DATOAR -2 4 N
1Tt at
I .
= —
=
n
°8a%
118
oag¢d K
]
i
! -1
= z <
|- — e
s = N
10|W 1] 4
Lo T = um
wilt 8wl = 3
H s 5B — o~
- o
~ S S )
-t
1
.
o
(&)

(a) M=0.70; a =~ -0.3°

6q = 15°.

Figure 25.- Afterbody pressure distributions.

140



141

1.0

HERN

=g

pasd
|
]

|
L

xIX

| Bottom row

1.0
0.70; a =5.3°.

— i
— I =" s
— Fa il
Tt — -
— ISy R
]| b S S—
I \
1
Y

Figure 25.~ Continued.

(b) M

I = = .
- [ — S
8 =
- - s k=2 e ————— T I
HWHT. & [mm = s A——
: o
e

| IR N —
— B i i
\\ —_— - -




o

TTEirnrid lLIIHTI_ L
ylw =078 : yiw=0 i
""" t FH T il LRERRRTA AR

Top row -H

[ ] L y 1 RUNEENEARENEAN

b LY
T

t
;
1
T
1
i
T

H ILH
-
T
T
T
T
T
IS O VO A S I}

(]
P
%
I
—
>ODo
v
w
T
I
I EE
i

r

11
N
e

1)
"

:Jl

I
T
(s
T

T
1
I
t

-9
" T H LT ] 1 - ww ul
H _— H = R LI BN 1T
: 1 M P T HE ufiiugd
5 T N o
-4 i 1377 1] (1] _

!
T
1
T

i
T
. T
1
1
I
T
I
!

xIX ' . xIX

(¢) M=0.70; a ~13.3°
Figure 25.- Continued.

142



143

1.0

X

;\
}
|
il
[
i
L
il
T
i
_Il
H:
| i
ii
i

1.0

(d) M=0.80; a=~-0.4°.
Figure 25.- Continued.

ylw =078
THETELTT
op row
\d‘
Bottom row

LLEsLLiini

4
-6
8
ol

1.2
2

0

2

4

6

Cp' af

-1.0
-L.2



1.0

7
xIX

Bottom row

xIX

Top row -

[RERRAREN

Saibahany . = Y S

T — S SR P S |
i ——— — —

— —— A ————

T
- ' JlV

(e) M=0.80; a =~ 5.1°.
Figure 25.- Continued.

144



L0

teagrergT
ylw =018

[ERNEER!

Top row

|

-1.2

145

Figure 25.- Continued.

(f) M=0.80; a =~10.8°.



[ERREARTNET,

0

torilat

yiw

[RENRENEN]

ylw= 078"

Friiinig

Top row -H

a = -0.4°,

(g) M = 0.90;

Figure 25.- Continued.

146



Bottom row

L

LT

e sy S S —

0.90; o =~3.2°.

(h) M

Figure 25.- Continued.

147



1.0

LI ]

3

)
T
|
lam
} SE AL
4 _, o %
T yaran
e
—— T
-~ FE——
I o _W.
R 2
dT
e -8 £
R =
-E o
RS-y & |

p. aft

0.90; a =17.7°

(i) M

Figure 25.- Continued.

148



149

Lo

a = -0.1°,

10

Figure 25.- Continued.

HH R TR
! +
RN o W RN i ) N
T L0 N L P e I LS ) I
T N : i T " M T
. - :
B = - =
TN i M~ -
NS I
Ay T A —
LN Y .
NS - TN 1
el e~
—0 =
~= i
. N\ .
-
= = ! : = -
= IR | P E——— = . i .
b i — e N S —
s AN
ANy '
1 N pum—
3 e
e F '
= g _ o
To I 1 y - e
e 2 — 1 ) =] p— gt
Izl a — | ) = ="
22 6! 1 © ¥
2E— = e
o e —— y 4
T y 4 ¥ A }
 J H F—
y y 4
- —F
- J—— y i
i 4 j— F 4
i P [— 4
Vo -
s
=] —— N < —_—
P A =
o - .
H9=% == B O
- @1 oo
AN [S) S =S AR Ay
Ay XY Ay
e e = e ——_— S r e I ——
e 000 = ST G———
A
_ J/‘ AN 4’4 S o, T
A s Ee > e\ P,
TN R
R————— — oy ] S ———— Ny -\
_— N AY —_— - — -_
— e e S S — i,
-
——oda e —
ry i i

(j) M= 0.95;

I
L -
Bottom row

TT7
_____
¥ 117

cp. aft



|
1.0

|

|
&

i
rn

= ; -
v ,.A., t g - t + + A—— = t i
S : : 1
, ! _ : i -
] N - N\ e 1 -
! ¢ i : : - -
N _— t i
oy : : i
: ; L
L

1
|
S5 1
} PR 0
T Y .
! : NISEoSG
| 1 ALY N
1 I b Y
. 1 Y ~—
| bV .
RS,
1 AW N —
I ~ e s |
| ! T, o

TIT1I01
ylw=0
Bottom row -

Top row

LELLENE

|
|
|
|
!
i

o
-
e Tm—
C sz W
b ol I =
I~ e —
1IV.;H = =
R S S
[
+ _vly} bl
TIITI LI
o~ [=]

(k) M=0.95; o ~3.3°
Figure 25.- Continued.

150



e P i p——

1 Bottom row

j". .
% [
!

]

Lo

R ‘ ==
— N T T
A AN -]

. B 2 R
S:E B = = £ 5
P — et PR ] e
-z 8 > < ke T g R :
- x-- w.ﬁ' LI T I @& va
.4
T ) — T .4 p—
} t 7 T 7
I ! ¥ 4 P 117 gl
T N v (Y1 4
y 4 ) 4
F 4
y 4
[ 4

0 | |

xIX

a ~6.8°,

(1) M=0.95;

Figure 25.- Concluded.

151



152

T
) ITor;;rlwl A | Top row?H ] | ' !
0 T o i
AR LA | b
M R o L AT
R A e
‘ . ﬂ L T 1] L \QN ,v;ijﬁ [l
N mall e
" ] d ! ‘m_____ l P L
AT T
-6 . 1 . “ -l L § L LLg NER! &8 \_ i
~ , | IR RAFHSHAR A RARHRRA |
i HH 1 i '
-8
AHRHHIRE W _
H HiH C; o degy |
-1.0 e o 0 -3%F HH
g ek H 0.8 -4 4
v 2% 33 Wil |
il 4
1 L L (L1l L 1
5 HitL 'HL ALY As_g
) J ] | —::‘-é& H jl ,4’;
1 Bottom row 7] Il L E EEJ:: ML [ Bottom row J’;Ea‘ | i Ll
0 ” D o
T ; BT o A ] At il
HE i 71 & * E‘i& } 7 T
-.2 » ‘H{% \l wl
e / ARk P% : H
B i A I
£y { 11 i | l \ it H
- :‘_ : - + 'Fl T ;
| L
Pin I . RRASEREERE! M i I L
~e ¥ Y K: . .0 0 .2 4 6 .8 1.0
xIX xIX

(a) M=0.70; a =-0.4°.
Figure 26.~ Afterbody pressure distributions. §y4 = 30°.



T e nn | _LIIIHH
__:: yl'n' = 0.78 1 y/w =0 1
[RERERN! LLiitint T
L Top row - Top row Eaax
o 1 - H
4() 2 e
ok L T
//:j: E ,«:: a ::g—’tm‘:_
‘,2 I .Q:stg:—"' T ﬂ ~’1: ‘E?;t’: 4;::::
i i \ s
ot A '_‘_1
-4 ~¢§§ L,Aﬁg’ \h!\ wg,{r (1 ﬂ_
f’ \% W st
-6 { __-::?
LiE CT a, deg 1 ﬁ o E
_gH LT Ho o 54 ¥y gans
o= 53 H
T <o .18 5.2 s
| o9 5.1 sin
1.0 \ } 1 ERER + ﬁ 1 ;_
1.2 Hithti: FH
LT ! A
) | LEAH VN LT CR
! Foetait g J 5z i
{] 2 1 - L]
. i 3‘ UL oHH I ‘ H Bottom row ADAT L 5
T il T A0
m\ { ! | :ﬁ ! 1 %f;/ H
| N 1 A I
-9 ‘I AW
Y4 |
\\ : i / o
- gl L h? H
=61 ';‘:
I H
R ] HH
o0 . 4 .6 3 1.0 [t} R K .6 .0
xIX xIX
(b) M=0.70; « ~5.3°
Figure 26.~ Continued.
153



T

2 T T i TITTEI T RORRRRREEIREY e TR

- ijylw=0.78 l - yiw=0 fHH H H HiHE
] ERNRRRARRRREY T T H e r H T
Top row HHH 1L Top row -t 1l EASRARSER
0 : | a T R

T
i

-2 u A4
13 Pt o Pa
HH b Ejﬁ’ - ] &
9aabayn Al LD
11 D1 [ a B > 1 -1
T )% ‘#’ P’/ 11 F !
s - L R el L i ad H
-4 HH J
a

h WAY
H N
RN

¥
o
1
+
W
I L
1
I

1
S
1+

Sxgin L J_l i CHLEET THH P FEHTH A

t

1
1T
T

H

1

1

1

I

1

- {lll [N SN
. - T

MR
Tt

1

~N
el
[
T
AY
AY
B

T

Bottom row {144z

}
Il
VT
e
SN
I
1
3=
T
}
oy
-l
T
b
1 ‘w'Y
!
(1WA
'l
1
7
I
14
o
1>
-
L.
|
1
N
AY
ATRA Y
s,
hY
}
=
.
} 7
P
l!

o \AY

(=4
1
2
4
a3
N 1
\
oS
S
i
N
N
T
T

I W
T
t
et
i1

IS
1
1
T

T
L THH
i
+
T
.
+
——t
——t
E
—
t
!
T
i
f
T
[l
T
+
- T
T
Sunna:
i
1
T
T
mmm A

o=

AL 1l AT L i
6

o
-
-
-
=
o
N
~
o
—

XX ' ' ' T
(¢) M=0.70; o ~13.4°.

Figure 26.- Continued.

154



155

XX

a ~ -0.5°,

0.80;

Figure 26.- Continued.

@ ™M

r
- RN AmmEE R T+ T o
T T T (AR N o
Tt a i I =)
1 - ; T T ¥
1 n Y
. o
- % N
L 1N
1\ fl/ﬂ
A :
h WY LW
L} I S
& =
N A
X
NX
.
SN
D ; —
RS
TS
-~
"
B
UW m 1Y
M S
o B MAW : ﬂmdﬂﬂﬂJﬂ” =
Z = i o et 2 .Mu
e SE—
sz e 2 -
T “m | 1
e > = — ' :
A —— et l.
Z
V.4 =
Z N
enp— PP
VA -
Fh.
. <o)
— L= P V- w——
p—— —— T TMeT T
] — =
o LY bt n v = 5 ~
EXgss = S ey
M — oo
N © — N I
@AW Sgtmm
— B — ¥ 3
//V‘ ””/! ~ o D O A AW Y
e T N, — 1
i . v !
—Bb =
A
N\
[ ¥
o\
W W
& a3 el
X
N
AN
N — -

Bottom row

~L.G;
12



156

AERREREE! e H-HHAT
v - 07s) 1] % o seeiils
41T TIrrITTi Hit
c:m;' Top row ] | 3 Top row § il
T e
T:i i i 4 A B HAGTH]

A 3 - 7a 4 1!

NS ] ’::’ { N i 'f;%é— '.w H
T k T 1 L SERN St _:‘J

_ 1 r Jv“ - H H

P- ] /Vf \ LT HHH
it | Tl |

2= A HHH

i V# i T o Tt i HTH] AT
Q - }_’, L1

ik i ] - HH

o i
j : \/ %i 1 c; o defiH JeRizRERgRzin
g L o 0 33 T FHH

11 0.0 32 {4l L TH LA
H Hd 1 g O 18 31 1 TTHHH H T
i | 1 - U ‘ it
HHHH A HTH 0 _;—7 T Y
d{idaist T ]— Hit Hi EEH 1 3
2H : = 1 y
H- i t | Ib ll L ,:: AL HTH H | HH D
- FEHR AT P2 ¢JgaanNsis - 3 25%skn o
c'—J I Bottom row | | 521: T i ; Bottom row [Lit| A AT )

i } sl RRRiReRl e 77 cocarnat e e
N , — SHlE - it e
E_ Q A TAR ‘H‘ TN * —ﬂ SaREERT /i j SEgamdnn
g ["» N L 1 lj : H [l H -HH [ I3
T : R o i and RN
T ot i SIS 0t Hillihitiis

1 a [RigEiiancyiqansscees

i o AF‘“ H _“» JynEsEENREE

ol

|
T

H
20T
+

L L

3 10 0

(e) M=0.80; a ~3.2°

Figure 26.- Continued.

XX

L0



=2 REREEREN] tLIHHH
H yhw =078 HHyw=0 ]
jitiilid LEErirent EEEN
o FHH- Top row 11 Top row H
é /’EaE1 ks
2 LA AT
- AT Sy
vl i
N
-4 i] I/ / r :;%\‘\_\ "/
NN A NN
o |11 1
:ﬁ f‘} N ! f i
T / H
N ‘ W H
H ‘ﬂl RN
-8 —& y ‘ ‘:::
U A e [ -‘
-1.0 Ho o 10.9 i
_ /ﬂ' tlo 06 108 JLR W 8
oat LIl ! o8 107 \ /
12 ] | his -
2- .
: LI ()“‘-(‘ | O el v_._
S Yt LR | R
"] Bottom row | | ,;,f:%,_r_h» oannati m\t Bottom row | |||} ‘gi’/,. > D¢

|
Il H
T

<

e

e

o

0
T
(=]

8y 2 iy 6 8 1.0 .
XX xIX

(f) M=0.80; a =~10.8°,
Figure 26.-~ Continued.

157



1N ——— i s i )R

2 T L - 0w T 1
| yiw = 0.78 {1 H yiw=0
H IREARAR [AERERN

. Top row HH] i L 1] Top row ]

(=]
1T
- 11 i
T
1
T
il Y
EEE
:

SN AN
>
y A
y 4
r &

7
(4
ko
A
AY
|
\ZatN

T
LY
» o
AY
Y
LA 1T Y
h s A o
SN

MEREER]
{
ul
st
o
—
oy
| I
=N
_’d—%
S
e
S
N
=
J]
|

T
T
AN
APAY
L 31
N
e
vy
~—
S
T
I
1
H
I
1
(T

I .

1

-

.

T
1]
1
T+

c a, deg [T 1 L ’_ T

T 1] | R | 11]

-1.0 ©c 0 =3 I Y EERN T

i a.06 =5 Hj H HAH

HH o7 -7 117 ] w

c 5 & 28 -8 N B ns

p aft A i
.2 HHH "

T . Lt S e 4
H . L AT PR T 1592 ¢ 2507 gfnuls
Riicsii Bottom row LIt ghice *’/,EJ Bottom row -1 L UheL %
T TLH D 14 M OTH
1 414 N ,Z L [

N EEEE
i

1 1

T 7.4

1
1}
:
1
o
I~
1)
1
T
I
I
1
AT
T

HHT 5 s T H
I TeREa LH L HR R A
A8is) HHHH
“SHHH fli H 1 FH
HHHH-H | | i i ] suEl

. . 1.0 0 - .2 4 - .6 8 1.0
.2 4 x X

(g) M=0.90; a ~-0.5°

Figure 26.- Continued.

158



p, aft

Fpriridine

1.0

ylw=0.78

- Top row

prA

3l

LEy I TiioTy

o
i Y
S
53
 §
¥
| SR
| BLY
:
4 |

blrreri

=

HH yw=0 S
- H-H e 1
- Top row A
| | T 4 T
i
P d > my 11
/,@r és &."‘a. HHEH
2y e o)p%eliniyaas
A &5 nﬁ BHMTUAL T
el A1/ i
. A u] d ]
A
i { ik
A / "/ \ () ]
1/ / “_":é
> Y NN
L f'/ HAF
w\:_ /’ 1 H
(i3 11 HH
H G o deg o H
o 9 33 HH
006 32 uEdEaE
o 17 3.0 T
o 28 2.9 1
LA
AR Bl
L AT
rc- /: —‘<>'_"<> ‘/,;5 i
T H AT TEHTT
AT T T '} Bottom row LA L
LT LU HH ' I TR
et S
] ™~ 1A
\\ 1 4
a 1111 e
/| / \ %
111
’ il
ﬁi ]
\ I v H
!" a s =
ERENE
.6 .8 10 0 .z 4 .6 R: .0
x/X xIX

(h) M=0.90; a ~3.2°,
Figure 26.- Continued.



DUAUE I A N A OO I i
I

i
AR
T

L1
L1
A 4!
-2, 1 A’

Top\row .
;

T

ylw=0

rrrren

ylw = 0.78]

TTTTiTT11
IRRRRAR!

N dno S8
N
N

0.90; « ~6.8°.

Figure 26.- Continued.

(i) M

160



‘2 Lrreern gl TTETTI]
FHH T HH yiw = 0.78 HH yw=0
ERRRRRRY] T
o ; Top row "L Top row
'ﬁ!in &.N l
‘!Q. 74.% .‘!.
N 11, ™ D
11T o i ]
AT
o o | /1 <> L AHA .
L |14 I 1
4 \ Lo gl itliif
¢ WA AT ALAA L
A \A 1 b1 =1 1
‘ 11 /K:’/” q r
| Jistsipioee 7 ,»&
l \* /
-6 =-!:-"
bl jiiE
, N
-8
15 CT a, deg Shduvuns
o 0 -1 7 g
c 1006 -3 T
p. aft <O 17 -5
] A .27 -6 . 1]
2 _
oA HHHAH Bottom row _,;{:T_’_’é: | |1 Bottom row ] .
i KRR jIsegeats
\‘\\ beg ?E’, o &‘n, y TS
N MAH 0 N LT DI
L \\ é. p it "0 %5/,, ufiy
"y A ,///r" /»‘
\\k} / A '_——’ C) ?‘ ‘3 ‘/l/ :r / H
/1114 \ 5 o
-4 '\‘1 /i y/ f A
43 ]
YL LG &
-6 \ /ﬁ ”l"" ‘w L]
1‘31“*""" ) {110
\/ A /
i HiH I ﬁ{”“ > i
~89 2 4 6 8 1.0 0 .2 A .6 i Lo

XX xIX
() M=0.95; a =~-0.3°

Figure 26.- Continued.

161



I

2

TiTidieid

yiw=0 1t

Trrrenei]

Top row

] Bottom row

1.0

LRRAR

ylw=0.78

Thirin

Top rowH-

xIX

0.95; a =~ 3.3°.

k) M

Figure 26.- Continued.

162



(=]
AN T S WY H
AV.CH T 159 M S —
- ) | o'
e ™ S 4
A y
[l
o ¢
Camy
ALY
AW}
AV}
\
AN
L R
! A N
! ~
=Y
Y T
(3L L)
.1- D iinnNy
L
A
|
=
1)
o
Z
Z Wl’
—
£
o
B .
-
=) -
S W §
7
Z
y 4
y i
7
7
h

163

0.95; « ~6.8°.

TiiTinn

ylw =078

Trritd

F111] Top row

111Bottom row

-L.0

Co at

Figure 26.- Concluded.

1 M

lu.



=) ! I, ' e
= e i y :
kh <P — I O
7 7 - = i
4 2. T 1
™ - W_z
=)
1 i An
1 i v
L1 I ] A\ 1%)
1 ] R\ by
;., m /v.ur \_
£ r=.
L . .7 A ] =
; i Y -
X v t NN I
LY — NN
\ Y m S
" o 0 S 4 T
N, Se—4 [ 5
A N W, T Y
S S\ LY SR N ALY
T A W WA VLAY —
, SN RS
i Y F
} ) I . 4 2 . — T
: | T3 Nanmvg
T I = = = _as = p——
- . =1 N -
- = i — = e —
<
=228 e - - E- e ey S—
- 2= o T - g 7>
pa 7S
- el - (V) a4 = ot A e——
Y L3 = il o
2 P — d);.%% o
N
77 @ﬂ pa
77 7
77 17
VAV 4 77 7
77 _
777 : 17
227 i Y
4. 1
o v 2o - . mm_u}rx TS e
= ua 1 e
i :
i T ;
T T
HHH -
N, p— 5. |
= — B - . e
: + =
[ T Ve VO VN -
<7 o Zod 7 PO R A | —
T v & - g Am ; s
= > 1 S
y A= 1
4 Vi ) —-0 | — m
Ll S O mNen 4 {
i1 F 3 Y
q ——F — 0agd S
A ! § A
~ o % —— = =
il ]
\ 1 o
3 ! Yoo
——\ -
\ w— N
LY 1 L.
po—— =
C— ¢ w
A/ —4 —f 14”‘
jmmrs " ~
' h WA, WO | -
; A ! )
T i A ? i + ]
C I ; t =
C oo ]
E == :
F,-e 15 ) e
E e+ g ..m
(- + o G —
r&-8 N, B
ESfge— —— - T o
T "= T - T
r'd ]
IHFiP4 1 I T
= M| * — : ,
7
o T “ : ,_ : i ,m
f 1. i H T
i
e “ ! B Ann :
1] i Il LTT I 1 1 11
o~ -
’ o = =2 x o o~ =) ~ 2
) -—lo . )
]
o
(& ]

Lo

1.0

xIX

a =~ -0.2°.

0.40;

(a) M

Figure 27.- Afterbody pressure distributions. 64 = 450,

164



REsa'N

4 -+

N

g

!
f
Iy
" r —
X b s Y
i T =
" T mi— A\ i =
N r—— 1= =t e
p M . < Ly 3
\ Il - hd Y ] -
X { o S il ——— — i
X% — A ] S —— ol it S——
L — it v e A el odr o
Ao A W L
m AN ——— | - — — —_ S ——
1) i " o A — Ay Bt == _ ..o B —

——r e

T T I \NJ‘V\NM — LT T I I T T I T -

T o e eteal) 71 12 e

e e SANY e e i SR P PR
7S e 75 N — o ——

. A — = 2L AV T, s T v|\|| A LT T T
g L] <¥es . U

iy

Y - — - e

4|— A MY - e

Y Y AW ) T[ - Tl oo T/ ——— /T

X ) 3, Ly

O—13 Am © T T
N L) A

LA Ty

i

| 4
b

AT

LM

Lal o™

&Y
ettt

Lraneient

Top row

yiw = 0,78

Bottom row jg
Or

cp, aft

1.0

xIX

1.0

a =5.7°

0.40;

(b) M

Figure 27.- Continued.

165

e
£



). . kel |

S

o __v\.\u.{
- -
TJ N
o)
Y T
- ¥
Ay i jawn
N
Y I
=T l
| =)
\ (Y
Y L
A} Y
N X 1
\Y 5
oy 1=
) ——
AN N
N, AN AN
T .
N
N N
7 — r
=] =
e
. lllrlll
oo 8
- n = =
z er
g ! Y P =
-E- 8 Sl n_u
- — o
=
PARY a4
7 Z 4
YAV 4
VAP 4
VAV
VAV .
777
o

o

xIX

Bottom row I

a ~ 14.8°.

L0
’

0.40

Figure 27.- Continued.

(¢) M

)

xIX

O H b
Y
AN WXH B Y Ay
NN \ Y
L. V h WA W
LW | VL N
O 1€} E.J.
5 YRS
I —~—— Iy AN
- e £
HO.HW . Sy o —
- o W]
R =4 - 13
H2 T o £ uw
ES>E2 - — =
,\MW 2F
77 i
7V 1
T v, 0 4 = |
. FAY 4 Il
V04 4) 1 1
R4 I 1
NN 4 T T I
A o " v o n
T M IR BRI T T o
~ © o0 o0
t . .-

cp. aft

166



I
i
T A
T 1
T
Y 9
N\ 1 i
X I
—Y i o
\
T PN
A ¥ L P
L} {
\ t
\Y t
/ /fr 1
O 4L EM1
. Y
~
= g
|n__U|0 1
i <] s
— = C
S
HW;H.W =)
11T
H Y
o T
=3
Zl
€ munawx
R R R O
=) 1 s C
N\
LY 1L (=] ~ e
&5—F 3 m.lu?..
Ly
" Y oo«
Ly \
& 5
© - HNdnn; Al
\ AN e
\ AR LNY
5 T NN}
N ! LR}
O f + |
\
- m
Cs = =
c - 38 €
Es =82 S
- - T ol
r3-8 Xf 2
S FF 7
o
v/ 4
(A4
- e = :
o~ ~ o
N t

10!

cp. aft :

L0

1.0

xIX

x/X

; a =~ -0.5°

(d M=0.70

Figure 27.- Continued.

167



(%L
NA T
AL
PN
XD
LLE
1.0

LA
XX’

H-+

fijuan

= == S
==

o ¢

V¥

Lt
Top row

[EEERE]

yhw

L0

U R g S ey

N RO

= o] - resng v o T
T IIAUY!HH“m_AmY’w\r Www.m‘ : “H‘y Hw ”HWI”‘H”M‘;!! © N ._llwl.l.u..AuAu uHHnlul.uv::” Tl
1o||||||||r||bm,|;|_,\|_ml!i T —_ - 000 4 —— Lm IIH..._K.“ .. G o
i — Yt Y | Ve = oL T y B D . LTI T - .
'\t)t»lixiw><\flmh LY - . SIITT Tllr.oTioTmon

LI - I
—— e -

¥IX

o ~5,1°.

0.70;

M

Figure 27.- Continued.

(e)

168



A

T | INENN RS T I T
T T T F N T
[ I ¥ T T IR R ) 1
T I T T T I
" = 45 N
T T T
1 4
i Fin!
L,
A I}
A | ¥
LN YA ¥ |
- t o —— A A — A E——
. — = =
AT P
AN AN AW |
L0 WY \ N p—
ANAMY L W P
AN vl A, I ——
NELNY 1} —
AN
z N
1§

—

0.78

Top row

[T Eylw

B

Jo

&
oL
|
|
|
|
|

ot
|

|

!

i

|

4 1A
anigtl

T
|47 4
L
Lt

i
t 1
41

s

*uTﬂ'T
%
1
|
|
|

A
A
T

!
v
T
1
[

|

A
:
|
|
|
\
|
|
|
|
]

]

i
|
|
|
!

/

FTHTTTTT0
ylw=0.78

Piiiitii

Top row

- Bottom row

-1.0

p, aft

169

1.0

1.0
0.70; a ~8.9°.

Figure 27.- Continued.

& ™M

xIX



; TRl
N

NENE]

._‘

()
8
R T
LA
L4 N1
4

C
r

A
4.8
&

\
|

L

ylw=0

Top row
l\{i

7 . —
y 4 ’ —
y P — y iy oy b
! — T e s L
ol ~ P
T ? Tt
: = T T
[0 BN b b L It T T
1 T T Il DR -~
= = e T T e
- - & o i il e S o que
Lo — 10 g ' T ST G e ot es B SRS
Cr——g pins— P h». e P e
s P . sl < gl el e e et
Y

I
|

0.78 1
{
Lt
|
!
|
!
1
|
|

t

|

|

L
I
i
|

PTeryby

yiw

AR

Top row
i
N
it
\
f
1
{T
|
[
B
i
’i‘i S
l: %_W
\
A
il
i.
1
|
!

¥

]
AT

3
1
1

1
;
t

10

xIX

1.0
() M=0.90; a ~-0.7°.
Figure 27.- Continued.

xIX

170



Cp' aft

] 1T
] N
) 10
T NN
I
fo
=8
C=C oo
=]
T
T 11
T
g it
Ly
= 9
y
_ ——————
o N
oq
H 5=
: X
X : NN — g
5 Sl =
g A&
i 3
Yy
nn_An Ty <
a
= e .
C oo N S S
-~z i = - =
SSIgl £ &)
g 4 "m
-z
uw,n_m 3] o
: 4
I
1]
T
o
(=)
. - <
~ i - ol

a ~ 3.0°,

0.90;

(h) M

Figure 27.- Continued.

171



2 TTITTTITY T T N
Hi{ylw=0.78 ! yw=0
T ] 1 [SURREN
Top row | Top row

Akl

N,
L

t
~N
1!
1
1
I
T
T
A
LAY
N
=1
[0 |
y/ A)
éfl
i [
t
!
hY
Y,
Y
'y
ot wa |
| |
Y
N2

|
T
}
Y
~
R
N S
7.
\
N
!

)
=i
H AN
——
oy

.
~
&N
N/,
T
b
1
I

"'I IR

T
LT

[ .
1

T

I

Y
L=

1

T

1

T

)

i

L
cf
o
=L

1

T

wh
=}
T
i
!
T
(o]
L]
a.
&
1
Tt

(g
1
f
1
|
f
T
T
1
I
I
1
I
|
|
[

1
L
|
IR
1
t
]
1
T
T
1
I
&S
N
R WA
N
t +
L\ B
Pad

M P

~N
I
T
1
I
7
T
I
h)
sl
A
1
1.
[ ova ]
| |
—
LY
LY.A
'Y
hY
hY
Y
=
AY
)

o

T

j

T

i
]

!

T

Yy

7 t
e g
]

1

\Y

1

Van!

N

T

{&'

A ¥

/4

V4

B/ .4

AY

X

T

it

I 20 O 5 O A

T

tl

T
——

[1

[,

I

:

1

T

T
O Y

T
T
T

1
a

T
T
i
1
I
S

]

]

I
—
o

i

I
G

|
ma
1
T
=
T
T
LI
T
T
t
;
—
e
‘EEE
e
(N

-

. . 1.0 0 2 A .6 ]
xIX xIX

(i) M=0.90; o ~4.8°.

oH
N

..'\
=3
=]

Figure 27.- Concluded.

172



S

‘.‘Emlm, ﬁ / :

12

10

a, deg

(a) M

0.40.

Figure 28.- Variation of total lift with angle of attack at constant values

of thrust coefficient for the nozzles tested.

173



g

e ET e e

e

]

&g

d
(a) Concluded.

Continued

a,

Figure 28

174



175

16

3

L]
HALT:
T

$Ed e

op oo =J 54 yu pua gie 1
i b8 "o 1
: - _ e DE =t
I EEANN S 5
ok = =

HUBIE]

Rt

.,::

e
e

T
1l
ey
Pt
e

|
“:‘/‘/’

A

4l

P

0.70.

ey

i
Iﬁfu‘fﬁ MR RAA
fhi IR
'1I'»
E;‘lf
HII
|
|:7
N
il

K

LRt i

(b) M

Figure 28.~ Continued.

......... IR S [ S -
e ) il G R T B
== ==k —~ === ==
= wax—a- ol e R e
=== © === =
= et © i S
- —— ==
5 == e o ===
== == = a) ——
= Im = =t —- poiitd =N
W i .

il
i
i
i
|
S

il

== e e = MWMH




FAEL I ER) MY I PO M

a, deg

(b) Concluded.

.- Continued.

Figure 28

176



1
I

ol .
It

10

il

|

i

i““!

1)l
I

G N IR

Il

16

14

a, deg

(¢) M

0.80.

Figure 28.-~ Continued.

177



Y
Hll

T

T l‘
113

=)
—

T

BHnn|

(c) Concluded.

.- Continued.

Figure 28

178



179

i

=

e
RSN

0.90.

a, deg

[

bilihh

@ M

Figure 28.- Continued.

-



a, deg

(d) Concluded.

Continued.

Figure 28.-

180



I

i : i
E ES S

iffl,

ull

I
L

Hils

1l
|

[N
1

1

0j
1

16

4

1

12

10

a, deg

0.95,

(e) M

Figure 28.~ Continued.

181




|
|
16

Muuuu“immmmmmm i HHiE == = ==
= il = —— == —

1
1|<

|
|
1

e [S{

i LN A L

(f) M=1.20.

Figure 28.- Concluded.

182



€81

Figure 29.- Variation of lift-curve-slope ratio with Mach number for
various nozzles at selected thrust coefficients.
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Figure 42.- Concluded.
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